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Abstract 
 A-to-I RNA editing is a post-transcriptional modification catalyzed by the ADAR 
enzyme family that targets dsRNA.  A major group of editing targets in humans is the 
primate specific Alu repetitive elements.  Due to their high copy number they are often 
present as inverted repeats embedded within larger mRNA transcripts expressed by RNA 
Pol II.  Alu elements can also be transcribed by RNA Pol III and are termed 
transcriptionally active.  These Alu transcripts are able to expand in the human genome 
via retrotransposition, and also have functional properties that can impact global gene 
expression.  RNA Pol III transcripts including transcriptionally active Alu elements have 
not previously been shown to undergo ADAR directed A-to-I RNA editing.   
This dissertation details an investigation of A-to-I RNA editing in RNA Pol III 
transcripts and in transcriptionally active Alu elements.  Using an RNA Pol III specific 
promoter, a known editing target, the R/G site from glutamate receptor B, is shown to 
undergo ADAR catalyzed A-to-I RNA editing.  This editing target demonstrates 
differences in editing efficiency depending on both the type of polymerase responsible 
for transcription as well as ADAR1 or ADAR2 activity.  This same strategy is used to 
compare editing in transcriptionally active Alu elements, showing that promiscuous 
editing takes place regardless of polymerase or ADAR type.  A-to-I RNA editing only 
occurred in the presence of inverted Alu repeats.  Finally, transcriptionally active Alu 
elements are investigated in vivo and show evidence of basal level editing.  The 
ramifications of A-to-I RNA editing in transcriptionally Alu elements include impacting 
human genome evolution and the functionality of Alu derived lncRNA, while providing 
insights into mechanisms regulating ADAR activity.   
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Chapter 1 
Introduction to A-to-I RNA Editing and Alu Repetitive 
Elements  
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A-to-I RNA editing is a post-transcriptional reaction that converts an adenosine 
nucleotide to inosine within double-stranded RNA (dsRNA) (figure 1.1).  The reaction is 
catalyzed by the adenosine deaminase acting on RNA (ADAR) family of proteins (figure 
1.2) (Lehman and Bass 2000).  This occurs via a deamination reaction targeting the 
amine group on carbon-6 in the purine ring.  The resulting change can have drastic effects 
on the final RNA transcript because inosine is interpreted as a guanosine by the cellular 
machinery.  This can result in codon or splice site changes (Athanasiadis et al. 2004, 
Gommans et al. 2008, Gommans et al. 2008, Lev-Maor et al. 2007).  In addition to an 
effective sequence change in the RNA transcript, A-to-I RNA editing can influence other 
RNA targeted mechanisms, such as RNA nuclear export, miRNA regulation, and innate 
immune response to viral infection (Chen et al. 2008, Chen and Carmichael 2009, 
Kawahara et al.  2008, Taylor et al. 2005).   
A major target of A-to-I RNA editing in humans are Alu repetitive elements 
(Athanasiadis et al. 2004, Peng et al. 2012).  Due to their high copy number in the 
genome, inverted Alu repeats are often expressed embedded within mRNA transcripts 
(Sela et al. 2007).  High Alu sequence conservation allows for formation of highly base 
paired structures, generating A-to-I RNA editing substrates that can be edited at multiple 
locations.  Alu elements can also be expressed independently via an RNA Pol III 
dependent mechanism.  Alu elements expressed in such a way have functional activity 
and are also able to retrotranspose (Britten et al. 1988, Hasler and Strub 2006, Mariner et 
al. 2008).  In addition to their role as A-to-I RNA editing targets, Alu elements have other 
cis-acting properties which impact gene expression.  Alu retrotransposition has enabled 
Alu elements to have a significant impact on human genome evolution. 
 4 
 
Here I review the fields of both A-to-I RNA editing and Alu elements. 
A-to-I RNA Editing is Catalyzed by a Conserved Family of Proteins 
 A-to-I RNA editing is a post-transcriptional reaction that converts adenosine to 
inosine within dsRNA (figure 1.3).  The reaction is catalyzed the Adenosine Deaminase 
acting on RNA (ADAR) family of proteins.  ADARs are conserved across metazoans 
(figure 1.2).  Two important model organisms used to study A-to-I RNA editing are C. 
elegans and Drosophila.  C. elegans has two ADAR homologs, Adr-1, and Adr-2.  While 
either Adr-1 or Adr-2 deletions reduce editing activity and impair chemotaxis, only Adr-2 
has a functional deaminase domain (Tonkin et al. 2002).  On the other hand, Drosophila 
encode only one ADAR enzyme (Petschek et al. 1996).  Both model species have been 
important in determining the role ADAR plays both during development and as an RNA 
regulatory protein.    
 Vertebrates encode three ADAR enzymes ADAR1, ADAR2, and ADAR3.  
ADAR3 is expressed exclusively in the brain and located in the nucleus, suggesting a role 
in neural activity or development (Melcher et al. 1996).  Like its vertebrate homologs, 
ADAR3 has multiple dsRNA binding domains, as well as an arginine rich region near the 
N-terminus that enables single-stranded RNA (ssRNA) binding (Chen et al. 2000).  
However, its deaminase domain has not been shown to be active (Chen et al. 2000).  In 
addition, ADAR3 knockout mice display no phenotypic abnormalities (Nishikura 2010).  
Any further discussion of vertebrate ADAR activity will focus solely on ADAR1 and 
ADAR2. 
ADAR1 and ADAR2 Expression and Regulation 
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 ADAR1 is expressed via two independent mechanisms.  The first is via a 
constitutively active promoter that allows for the expression of a short form of ADAR1, 
called ADAR1-p110.  ADAR1-p110 contains three dsRNA binding domains located near 
the N-terminus, and a deaminase domain located near the C-terminus.  ADAR1-p110 is 
expressed in most tissues, but is most active in the brain (Gan et al.  2006).  ADAR1-
p110 is localized entirely within the nucleus.  
 The other mechanism of ADAR1 expression is by an interferon induced promoter 
(George and Samuel 1999).  Expression from this promoter yields the long form of 
ADAR1, called ADAR1-p150.  In addition to the dsRNA binding domains and 
deaminase domain present in ADAR1-p110, ADAR1-p150 also has two Z-DNA-like 
binding domains.  These Z-DNA-like binding domains contain a nuclear export signal 
that allows for ADAR1-p150 nuclear export via an interaction with the nuclear exportin 
CRM1 (Poulsen et al. 2001).  This enables ADAR1-p150 to localize to both the 
cytoplasm and nucleus.  While no specific role for the Z-DNA binding domain has been 
identified, editing efficiency decreases if this domain is mutated (Herbert and Rich 2001, 
Koeris et al. 2005). 
 ADAR1 has been shown to be vital to development, as ADAR1 knockout mice 
are embryonic lethal (Wang et al. 2000).  The reason for this is still unknown since 
phenotype onset has not been correlated with lack of editing in a specific gene in ADAR1 
knockout mice.  Rather, it may be a combination of reduction in editing in multiple genes 
as well as loss of other regulatory functions associated with ADAR1.  These other 
regulatory functions include nuclear retention of edited RNA or changes in gene 
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expression when ADAR1 is present (Chen and Carmichael 2009, Chen et al. 2008, 
Osenberb et al. 2010).  These will be discussed later in further detail.   
 Unlike ADAR1, ADAR2 has only 2 dsRNA binding domains in addition to its 
deaminase domain (Xu et al. 2006).  Inositol hexaphosphate is also present in the 
ADAR2 core, and is required for ADAR2 activity (Macbeth et al. 2005).  ADAR2 is 
expressed in most tissues with the highest activity in the brain (Gan et al. 2006).  In 
addition, ADAR2 is only localized to the nucleus.  ADAR2 is able to edit its own pre-
mRNA (Dawson et al. 2004).  This is an important regulatory target as the edited 
ADAR2 pre-mRNA results in the creation of an alternatively spliced ADAR2 transcript, 
which expresses a non-functional ADAR2.  Impairing the ability of ADAR2 to self-edit 
results in global increase in ADAR2 directed editing in mice (Feng et al. 2006).  Thus, 
the ability of ADAR2 to edit its own pre-mRNA serves as a self-regulatory feedback 
loop. 
ADAR2 knockout mice are born with a severe epileptic phenotype and die within 
two weeks of birth (Higuchi et al. 2000).  However, unlike ADAR1, the reason for this 
phenotype is attributed entirely to lack of editing at a specific site in the mRNA encoding  
the Glutamate Receptor (GluR), a neural receptor highly involved in excitatory neural 
transmission.  This edited site is called the Q/R site since A-to-I RNA editing results in a 
glutamine to arginine codon change.  Replacing the edited adenosine with a guanosine at 
the genomic level in ADAR2 knockout mice completely rescues this phenotype (Higuchi 
et al. 2000).  While ADAR2 can edit other sites, the necessity of editing at the Q/R site 
may have led to the optimization of ADAR2 editing at this site in particular (Lai et al. 
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1997).  This is supported by the observation that the Q/R site is edited to near 100% in 
normal brain tissue, and is almost exclusively edited by ADAR2.    
Regulation of both ADAR1 and ADAR2 may be controlled by modulating 
localization between the nucleus and nucleolus.  SUMO-1 is an ubiquitin like protein that 
can be conjugated to select proteins.  SUMOylation leads to protein sequestration to the 
nucleolus, the region of the nucleus involved in ribosomal processing (Desterro et al. 
2005).  While ADAR1 is targeted by SUMOylation, and SUMOylated ADAR1 is present 
in the nucleus, nucleolar sequestration occurs independent of SUMOylation, as ADAR1 
SUMOylation resistant mutants still localize to the nucleolus.  However, SUMOylation 
leads to a reduction of ADAR1 activity.  Similarly, ADAR2 can localize to the nucleolus.  
Like ADAR1, this occurs independent of SUMOylation since ADAR2 lacks a consensus 
SUMOylation site.  Rather, ADAR2 localization to the nucleolus depends on binding to 
rRNA molecules that can form dsRNA (Sansam et al. 2003).  In addition to sequestration, 
rRNA binding leads to a reduction in ADAR2 editing activity. ADAR2 editing activity is 
further reduced by binding to snoRNA within the nucleolus (Vitali et al. 2005).  
snoRNAs are localized in the nucleolus and are involved in post-transcriptional 
regulation of rRNA.  
ADAR Site Selectivity and Editing Efficiency are Separate Events 
 ADARs can target either a single adenosine or multiple adenosines (promiscuous 
editing) within a single RNA molecule for A-to-I RNA editing (Athanasiadis et al. 2004, 
Sommer et al. 1991).  In addition, the frequency of editing (editing efficiency) can vary 
between individual adenosines within a single RNA molecule.  In a broad sense, editing 
site selectivity and efficiency are inversely correlated (Gommans et al. 2008).  
 8 
 
Promiscuously edited RNA generally display lower editing efficiency compared to 
generally higher editing efficiency in RNA molecules edited at a single site. 
It is largely unknown why only certain adenosines but not others are edited within 
dsRNA.  Though ADAR1 and ADAR2 share many editing substrates, they have different 
editing efficiencies (Kallman et al. 2003, Lai et al. 1997, Lehman and Bass 2000).  In 
addition, their site selectivity can differ in promiscuously edited RNA molecules.  Site 
selectivity and editing efficiency are dependent on the coordination of ADARs’ binding 
and catalytic domains as well as the sequence and secondary structure of the substrate 
itself.  Both ADAR1 and ADAR2 are able to form homodimers (Valente and Nishikura 
2007). This can occur independent of RNA binding but is necessary for A-to-I RNA 
editing.  While heterodimerization has not been demonstrated, ADAR1 is able to form 
dimers between ADAR1-p110 and ADAR1-p150. 
 The dsRNA binding domains within both ADAR1 and ADAR2 display different 
dsRNA binding affinities (Brooks et al. 1998).  The three dsRNA binding domains of 
ADAR1 are not equivalent in substrate binding.  In both humans and Xenopus, the 
dsRNA binding domain located closest to the deaminase domain, domain 3, was 
demonstrated to be most important for substrate binding.  The middle dsRNA binding 
domain was shown to be the least necessary for substrate binding in humans, but second 
most important for substrate binding in Xenopus.  Meanwhile, the dsRNA binding 
domain located closest to the N-terminus had the second most significant effect on 
substrate binding in humans but was least important in Xenopus.   This reversal in domain 
necessity may be due to either species specific differences in ADAR1, or to differences in 
the binding kinetics associated with the specific substrate used in each study. 
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 ADAR2 displays different binding affinities between its dsRNA binding domains 
and different binding affinities for different editing targets.  Deletion studies indicate a 
higher involvement in substrate binding by the dsRNA binding domain located closest to 
the deaminase domain (Ohman et al. 2000, Xu et al. 2006).  Structural analysis of both 
dsRNA binding domains indicates not just secondary structure, but also the specific 
sequence of the dsRNA itself plays a role in substrate binding (Stefl et al. 2010).  
 Both editing site selectivity and editing efficiency are dependent on the sequence 
of the editing substrate (Athanasiadis et al. 2004, Kawahara et al. 2008, Lehman and Bass 
2000).  Extensive analysis of editing targets revealed preferences for specific nucleotides 
both 5’ and 3’ to the edited site.  The -2 and -1 positions relative to the editing site show 
nucleotide preferences of U > C > G > A and C > U > A > G, respectively.  Positions +1 
and +2 relative to the editing site showed preferences of G > C > U > A and C > G > U > 
A, respectively.  In addition, there is a preference for cytosine, but a negative preference 
for either adenosine, guanosine, or uracil directly opposite the editing site within the 
dsRNA structure (Kallman et al. 2003, Wong et al. 2001).   
The tertiary structure of the editing target is important, especially in determining 
patterns of editing (Enstero et al. 2009, Kleinberger and Eisenberg 2011).  While 
extensive dsRNA structure is necessary for substrate binding by ADAR, the location of 
adenosines within the dsRNA is important for editing site selection.  In promiscuously 
edited RNA, recognition of a principal editing site promotes editing of other adenosines 
(Enstero et al. 2009).  Editing of these other adenosines is limited by both their distance 
from this principal site, as well as location of those edited sites to the same side of the 
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helix as the principal site.  Editing of additional sites beyond this principal site is 
hypothesized to occur in a single direction.  
A-to-I RNA Editing Influences Protein Function by Introducing Non-Synonymous 
Codon Changes 
 The earliest targets of A-to-I RNA editing were discovered serendipitously in the 
brain.  The earliest known targets encoded for neural receptors and each resulted in a 
codon change that impacted protein function.  GluR-B contains two editing sites called 
the Q/R site and the R/G site (Higuchi et al. 1993, Lomeli et al. 1994).  They are named 
thus because editing results in a glutamine to arginine change and an arginine to glycine 
codon change, respectively.  The glutamate receptor itself is a calcium channel located at 
the synapse of excitatory neurons.  Activation by binding to glutamate causes the calcium 
channel to open, allowing for a flow of Ca+2 down its concentration gradient across the 
membrane.  This leads to membrane depolarization and subsequent activation of the 
neuron.  The Q/R site is located within exon 11 (Sommer et al. 1991).  The secondary 
structure is formed between an exonic sequence and an editing complementary site (ECS) 
located within intron 11 (Higuchi et al. 1993).  Editing at this site is significant because 
the amino acid encoded at the editing site is located within the Ca+2 channel.  In the case 
of the unedited target, both hydrophobicity and the amino acid structure of glutamine at 
this location causes the ion channel to be constitutively open, allowing for an unchecked 
flow of Ca+2 through the channel.  Editing results in the presence of an arginine at this 
location, preventing the flow of ions in the absence of glutamate binding (Sommer et al. 
1991).  As already discussed, the necessity for editing at this particular site has been 
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demonstrated in ADAR2 knockout mice, where lack of editing leads to a severe 
neurological phenotype and death within 2 weeks of birth (Higuchi et al. 2000).   
 The other editing site present in GluR is the R/G site.  This editing site is located 
in the last codon of exon 13 (Lomeli et al. 1994).  The dsRNA hairpin structure overlaps 
the exon/intron junction and is 81 nucleotides in total length.  Though not as 
physiologically significant as the Q/R site, editing at the R/G site is involved in recovery 
following membrane depolarization, where edited channels display significantly faster 
recovery rates over unedited variants.  
 Another important A-to-I RNA editing target in which editing impacts the codon 
sequence is the serotonin receptor (5–HTC2) (Burns et al. 1997).  5-HTC2 is a member 
of the G-protein-coupled superfamily of receptors.  Activation by ligand binding in 
neuronal synapses causes 5-HTC2 to interact with the G-proteins Gq or G12/13 to initiate a 
signal cascade that leads to production of inositolphospate and diacyglycerol (Price et al. 
2001).  In addition to the functional relevance, what makes this editing target interesting 
is that 5-HTC2 contains five editing sites spaced across 14 nucleotides that influence the 
sequence of three codons.  A-to-I RNA editing can result in 32 mRNA variants resulting 
in 24 protein isoforms.  Editing reduces G-protein coupling and leads to a reduction in 
agonist-receptor sensitivity and selectivity (Berg et al. 2001, da Silva et al. 2010, Price et 
al. 2001).  While editing may provide a mechanism to regulate receptor sensitivity, mice 
engineered to exclusively express the fully edited 5-HTC2 isoform display phenotypes 
consistent with Prader-Willi Syndrome (Morabito et al. 2010).  
A-to-I RNA editing as a modulator of protein activity was displayed by 
comparing differences in editing rates in K+ channels between different species of 
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octopus (Garrett and Rosenthal 2012).  Editing causes an I/V change in codon 321, 
resulting in a protein channel with faster closing rates.  The amount of editing observed 
depended on the water temperature of their natural environment.  A near linear negative 
correlation was found between observed editing levels and water temperature.  This 
indicates A-to-I RNA editing can provide a mechanism of post-transcriptional adaptation 
to changes in environmental cues.   
Coordination of Editing and Splicing 
 Protein coding transcripts undergo a series of co-transcriptional processing steps 
including the addition of a 5’ cap, alternative splicing, and poly-adenylation (Buratowski 
2009, Hirose and Okhuma 2007).  Each of these steps is coordinated by RNA Pol II, the 
polymerase responsible for expression of protein coding genes.  A key structural feature 
of RNA Pol II is the C-terminal domain (CTD).  In humans, the CTD is made up of 52 
heptad repeats with consensus amino acid sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser (Fong 
and Bentley 2001).  This region is highly involved in coordination of co-transcriptional 
processing events, and is required for efficient transcription initiation.  In general, the 
heptads 1-25 of the CTD are involved in transcription initiation and the switch from 
initiation to elongation, while heptads 26-52 are involved in RNA processing activities 
(Buratowski 2009, Hirose and Okhuma 2007). 
 A-to-I RNA editing occurs in double stranded regions formed between 
intramolecular complementary sequences.  However, complementary regions often 
straddle exon/intron junctions.  Because of this, editing must precede splicing (Ryman et 
al. 2007).   To test this relationship, RNA Pol II expression vectors have been developed 
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that vary in the structure of their CTD and are also resistant to the RNA Pol II inhibitor α-
amanitin (Fong and Bentley 2001).   
An interesting comparison can be made between the R/G site and the Q/R site in 
GluR-B.  The R/G site forms a hairpin structure with a dsRNA region 38 nucleotides in 
length with the complementary regions separated by 5 nucleotides (Lomeli et al. 1994).  
In addition, the editing site is situated 2 nucleotides upstream of the intron/exon junction.  
The complementary regions that allow for editing at the Q/R site are separated by a 
greater distance.  In addition, the exon/intron junction is not situated within the dsRNA 
region, but rather is located in the loop region separating the complementary sites (Lai et 
al. 1997).  These two editing sites differ in terms of the position of the exon/intron 
junction relative to the dsRNA region and the editing site. 
Using editing and splicing variants of the R/G editing site, editing was shown to 
inhibit splicing (Schoft et al. 2007).  Either editing incompetent sequences or the addition 
of RNA Helicase A, which disrupted ADAR2 binding, increased splicing (Bratt and 
Ohman 2003).  RNA Pol II CTD deletion did not affect A-to-I RNA editing in splice-
incompetent variants.  However, R/G editing targets with enhanced splicing capabilities 
indicated that efficient editing was dependent on the presence of the CTD when splicing 
is enabled (Ryman et al. 2007).  This indicates that editing and splicing compete with 
each other when an active exon/intron junction is present within the dsRNA region.  
Also, these experiments show that the CTD is important in ensuring that editing precedes 
splicing in such scenarios. 
Similar studies using the Q/R site produced different results.  Here, editing and 
splicing are in less competition with each other since the splice site is present in the loop 
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rather than within the dsRNA region.  Editing in splice competent constructs was near 
100% in the presence of wild-type CTD.  Also, transient transfection of ADAR2 caused 
splicing to increase (Ryman et al. 2007, Schoft et al. 2007).  This effect by ADAR2 on 
splicing was shown to be editing dependent.  Meanwhile, RNA Pol II CTD deletion 
resulted in a reduction in editing but an increase in splicing (Ryman et al. 2007).  In this 
case, the CTD delays splicing until editing can occur, indicating a role by the CTD in 
increasing editing efficiency.  
This was supported by an investigation into the self-editing of ADAR2 mRNA 
(Laurencikiene et al. 2006).  In this case, editing results in the creation of an alternatively 
spliced exon that yields an inactive ADAR2 protein isoform.  Editing and thus alternative 
splicing were shown to be dependent on the presence of the CTD.  However, this could 
be rescued with the presence of either the first half or second half of the CTD.  This 
indicates low regional specificity in ADAR2 to associate with the CTD.   
Taken all together, the CTD is necessary to ensure proper editing and splicing 
when the complementary regions are separated by exon/intron junctions.  In addition, A-
to-I RNA editing can either enhance or inhibit splicing (Bratt and Ohman 2003, 
Laurencikiene et al. 2006, Ryman et al. 2007).  Differences in this behavior may be 
dependent on both the location of the exon/intron junction relative to the dsRNA 
structure, as well the distance between the complementary regions.  In cases where the 
complementary regions are more distantly separated, the CTD may be acting to stall 
splicing to allow A-to-I RNA editing to take place (Ryman et al. 2007).  This stalling 
may be necessary as it has been shown that editing efficiency decreases as the distance 
between complementary sequences increases (Athanasiadis et al. 2004). 
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The effects of A-to-I RNA Editing on Alternative Splicing 
 Alternative splicing is the discretionary inclusion of individual exons into mature 
mRNA.  This is in contrast to constitutive splicing in which individual exons are always 
included in the mature mRNA (McManus and Gravely 2011).  Alternative splicing can 
take several different forms, such as mutually exclusive splicing where alternative 
splicing results in an either/or scenario.  Such exons are often called flip-flop exons.  
Another type occurs with the selective inclusion of an alternatively spliced exon that does 
not influence the splicing of other exons into the mature mRNA.  In most cases, 
alternative splicing is associated with a change either in function, cellular localization, or 
regulation of the resulting protein. 
 A-to-I RNA editing can directly influence alternative splicing by creating or 
destroying the 5’-GU or AG-3’ splice sites present on the ends of intronic sequences.  
This is illustrated by the self-targeting capability of ADAR2 to edit its own transcript 
(Dawson et al. 2004).  In this case, editing results in the creation of an –AI 3’ 
dinucleotide that functions as an AG-3’ dinucleotide.  This results in an alternatively 
spliced mRNA that encodes a non-functional protein.  
 A more prevalent example of A-to-I RNA editing directly influencing alternative 
splicing is seen in Alu repetitive elements.  Alu elements are primate specific repetitive 
elements present in over 1 million copies in the human genome.  Due to both their high 
copy number and high sequence conservation, it is very common for Alu elements to be 
embedded within mRNA molecules (Grover et al. 2003, Sela et al. 2007, Tsirigos and 
Rigoutsos 2009, Urrutia et al. 2008).  It is also common for inverted Alu pairs to be 
expressed within the same transcript such that they can fold back on each other creating 
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dsRNA.  The commonality of this scenario makes Alu elements major A-to-I RNA 
editing targets (Athanasiadis et al. 2004, Kim et al. 2007).  Alu elements will be 
discussed in more specific detail in later sections. 
Alu elements were first shown to be alternatively spliced as a result of A-to-I 
RNA editing in the human nuclear prelamin A recognition factor (NARF) (Lev-Maor 
2007).  Here, inverted Alu repeats in intron 7 were edited, creating a 3’ splice site in a 
sense oriented Alu element located downstream of its inverted partner.  Editing created 5 
potential splice sites that were each splice competent.  Since the function of NARF is yet 
to be clearly defined, the impact of these splice variants could not be determined. 
However, primate genome comparisons indicate that the head to head insertion of this 
inverted Alu pair occurred 58-40 million years ago and that mutations over the course of 
34-50 million years eventually enabled A-to-I RNA editing to direct the inclusion of this 
particular Alu exon (Moller-Krull et al. 2008).  No functional domain properties have yet 
been attributed polypeptides derived from exonized Alu sequences. 
A-to-I RNA Editing in Untranslated Gene Regions 
 Protein coding genes are transcribed with untranslated regions (UTRs) at both 
their 5’ and 3’ ends in addition to intronic sequences.  5’UTRs and intronic sequences are 
enriched for Alu elements relative to translated regions (Tsirigos and Rigoutsos 2009).  
As such, UTRs harbor major targets for promiscuous A-to-I RNA editing (Kim et al. 
2007, Peng et al. 2012).  High levels of editing across multiple sites can significantly 
impact mRNA localization and ultimately gene expression.   
    Inverted Alu pairs were identified in the 3’UTRs of 333 genes (Chen et al. 
2008).  GFP reporter genes containing inverted Alu pairs were shown to be down 
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regulated, but not reporter genes that carried only a single Alu element or no Alu 
elements in their 3’UTR.  This down regulation was shown to be caused by nuclear 
retention of mRNA with promiscuously edited 3’ UTRs (Chen et al. 2008).  Also, 
ADAR1 knockdown in human embryonic stem cells (hESCs) resulted in an increase in 
RNA from genes involved in development and differentiation, but a decrease in RNA 
from genes involved in nucleic acid and protein metabolism (Osenberg et al. 2010).   
Inosine containing mRNA has been shown to have a reduced ability to undergo 
translation (Scadden 2007).  This suggests an editing dependent role by ADAR1 in down 
regulating gene expression. 
Alternatively, transiently transcribed, but not chromosomally located, reporter 
genes displayed an increase in RNA levels dependent on binding and editing by ADAR1 
but not ADAR2 (Gommans and Maas 2008).  Also, in both C. elegans and humans, 
mRNA with promiscuously edited 3’UTRs were shown to be bound by multiple 
ribosomes and was translated (Hundley et al. 2008).  This indicates that editing 
dependent regulation of promiscuously edited RNA can have different effects on gene 
expression. 
 The dichotomy may be due to a combination of the manner of expression as well 
as the system used in these studies.  Translation inhibition was observed in vitro when 
dsRNA was engineered with inosine already present, as well as in HeLa cells when 
dsRNA contained high levels of GU base pairs (Scadden 2007).  Such molecules were 
shown to be present in stress-granule like complexes that led to down regulation of 
translation.  dsRNA molecules engineered to contain high amounts on inosine were 
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shown to be targeted for cleavage by the Tudor-SN subunit of RNA-induced Silencing 
Complex (RISC) (Scadden 2005).   
 Additionally, cell type specific structures are also involved in regulating 
promiscuously edited mRNA.  NEAT1 is a non-protein coding gene that expresses a long 
non-coding RNA molecule (lncRNA).  NEAT1 lncRNA behaves as a scaffold for the 
formation of paraspeckles.  Paraspeckles are localized to the nucleus and house 
paraspeckle proteins PSP1 and p54.  These proteins act to sequester promiscuously edited 
mRNA into paraspeckles and away from nuclear exportins (Chen et al. 2008, Clemson et 
al. 2007, Zhang and Carmichael 2001). Interestingly, NEAT1, and thus paraspeckles, are 
absent from certain cell types such as embryonic stem cells (Chen and Carmichael 2009). 
Cells lacking paraspeckles display a reduced retention of promiscuously editing mRNA 
in the nucleus.   
miRNA Processing and Function is Impacted by A-to-I RNA Editing 
miRNAs are small RNA molecules, 21 to 25 nucleotides in length, which can 
regulate expression of specific target mRNA transcripts through an RNA silencing 
pathway.  miRNAs are derived from a primary miRNA transcript (pri-miRNA) that may 
contain multiple miRNA sequences.  pri-miRNAs fold into a double stranded RNA 
structure that is processed by the RNA endonuclease Drosha into a ~60 nucleotide 
precursor miRNA (pre-miRNA) (Lee et al. 2002, Lee et al. 2003).  pre-miRNA is then 
transported to the cytoplasm where it is further processed into mature double stranded 
miRNA by the enzyme Dicer (Bernstein et al. 2001, Lee et al. 2002).  One of the two 
mature miRNA strands is then bound by the protein Argonaute and incorporated into the 
RNA Induced Silencing Complex (RISC) (Hutvagner 2005).  RISC/miRNA complexes 
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regulate translation of specific target mRNA molecules based on complementary base 
pairing between the single stranded miRNA and the target sequence located within the 3’ 
UTR of the mRNA.  Key to this regulation is a part of the miRNA termed the seed 
sequence.  This seed sequence is found in the 5’ region of the miRNA and spans 
nucleotides 2-7.  Base pairing of only the seed sequence to the target RNA has been 
shown to be sufficient for down regulation of expression, regardless of base pairing 
between the rest of the miRNA (Brennecke et al. 2005, Doench and Sharp 2004).      
Due to their inherent stem-loop structure, miRNAs are targets of A-to-I RNA 
editing.  miRNAs can be targeted by A-to-I RNA editing at all stages of miRNA 
maturation (Blow et al. 2006, Luciano et al. 2001, Kawahara et al. 2005, Kawahara et al. 
2008).  In the nucleus, A-to-I RNA editing typically, but not always, has an inhibitory 
role in pri-miRNA processing by Drosha.  Processing by Drosha in some miRNAs was 
unaffected by editing, while in a minority of pre-miRNA, A-to-I RNA editing actually 
increased processing (Kawahara et al. 2008).  Interestingly, edited pri-miRNA can be 
degraded by Tudor-SN, indicating a post transcriptional mechanism of regulating pri-
miRNA concentrations (Yang et al. 2006). 
Just as with processing by Drosha, pre-miRNA processing by Dicer is also 
influenced by A-to-I RNA editing (Kawahara et al. 2007, Kawahara et al. 2008).  
However, editing does not always inhibit pre-miRNA processing.  The location of the 
edited nucleotide relative to the Dicer cleavage site influences pre-miRNA processing 
(Kawahara et al. 2008).   
Finally, A-to-I RNA editing has the ability impact RNA targeting by miRNAs.  
While the miRNA seed sequence is key to targeting and down regulating mRNA 
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containing a complementary sequence, its length is only 7 nucleotides.  A single editing 
event can significantly impact gene targeting.  Indeed, edited miRNAs not only show less 
preference in regulating transcripts which they original targeted, but they can also target 
new transcripts for regulation that were not originally targeted by that particular miRNA 
(Blow et al. 2006, Kawahara et al. 2007).  A recent study of A-to-I RNA editing in the 
human brain revealed 47 of 209 pri-miRNAs are edited, and further predicted that about 
16% of human pri-miRNAs are A-to-I RNA editing targets (Kawahara et al. 2008).  
Similar to this, editing at miRNA target sites within Alu repetitive elements can 
significantly change their targeting by Alu directed miRNAs (Borchert et al. 2009).   
ADAR1-p150 and ADAR2 Function in Innate Immune Response to Viral Infection 
 RNA viruses are a class of viruses in which genetic information is stored as RNA 
(Pond et al. 2012).  Retroviruses, such as human immune-deficiency virus type 1 (HIV-
1), encode a retrotranscriptase which allows for integration of viral genetic material into 
the host genome.  Non-retroviruses, such as the measles virus, encode for RNA-
dependent RNA Polymerase that is necessary for viral growth.  In the case of the measles 
virus, viral growth occurs entirely in the cytoplasm.   
The viral life cycle has three rate limiting steps (Pond et al. 2012, George et al. 
2009, Samuel 2011).  First, viral infection begins with attachment by the virus to the cell 
membrane, followed soon thereafter by injection of viral genetic material into the cell.  
The second rate limiting step is viral proliferation inside the host cell.  In the case of 
retroviruses, proliferation involves the translation of viral RNA by the host ribosome to 
produce either the reverse transcriptase or the RNA-dependent RNA Polymerase. This 
enables integration of retroviral genetic material into the host cell's genome, or copying 
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of viral RNA.  Integration enables production of additional viral RNA molecules, 
translation of viral proteins, and repackaging of viral RNA into newly formed protein 
coats.  The final rate limiting step is the release of newly formed virus from the cell 
enabling infection of other cells.  
 The ADAR1 gene has an alternate promoter that is interferon dependent, and 
produces ADAR1-p150 (George and Samuel 1999).  ADAR1-p150 contains a nuclear 
export signal that allows for it to be expressed in both the nucleus and the cytoplasm 
(Poulsen et al. 2001).  Localization to the cytoplasm allows for ADAR1-p150 to target 
double-stranded viral RNA.  Indeed, HIV-1, hepatitis C virus, and measles virus RNA 
have been shown to undergo A-to-I RNA editing (Doria et al. 2009, Suspene et al. 2010, 
Taylor et al. 2005).  In the case of hepatitis C virus, ADAR1 significantly decreased viral 
growth via an editing dependent mechanism (Taylor et al. 2005). However, some viruses 
have adapted to take advantage of A-to-I RNA editing.  In the case of hepatitis delta 
virus, viral growth increases following A-to-I RNA editing (Polson et al. 1996). 
Though ADAR1-p150 is an editing enzyme expressed in response to viral 
infection, it can influence viral infection via editing independent mechanisms (George et 
al. 2009).  ADAR1-p150 displayed an interesting dichotomy in response to measles virus 
infection.  ADAR1 knockdown in mouse embryonic fibroblasts led to a decrease in the 
rate of infection by measles virus.  However, viral proliferation following infection by 
measles virus increased in the presence of ADAR1 (Ward et al. 2010).  This is due to the 
effect ADAR1-p150 has on the protein phosphor-kinase R (PKR).   PKR is an interferon 
induced dsRNA binding protein which upon binding to dsRNA dimerizes and 
autophosphorylates. This activation results in expression of other antiviral factors and can 
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lead to initiation of apoptosis.  ADAR1-p150 reduces PKR activation and PKR induced 
apoptosis (Toth et al. 2009).  This may occur either through substrate competition 
between ADAR1-p150 and PKR or could be due to the ability of ADAR1-p150 to 
interact with PKR (Nie et al. 2006).  These editing independent effects promoting viral 
growth were also shown to occur in T-lymphocytes following infection by HIV-1 (Doria 
et al. 2009).  Thus while ADAR1-p150 may aid in reducing initial viral infectivity, it can 
have an inhibitory effect on cell response to viral infection.  
Another interesting study found ADAR2 can also influence infection.   ADAR2 
overexpression resulted in an increase in HIV-1 proteins in the cytoplasm and an increase 
in viral release from the cell (Doria et al. 2011).  This was shown to be due to a decrease 
in PKR activity.  In addition, ADAR2 knockdown in Jurkat cells resulted in a decrease in 
HIV-1 viral replication.  However, while viral proliferation increased following infection, 
the rate of infectivity was unaffected.  A similar influence on viral growth by ADAR2 
was observed in ADAR2 knockout mouse fibroblast cells infected with polyomavirus 
(George and Samuel 2011). Once again, viral growth, but not infection rate was 
influenced by ADAR2.  
Use of High-Throughput Technology to Study A-to-I RNA Editing 
 The first A-to-I RNA editing targets were found in the early 1990’s in neuronal 
receptors by serendipity (Burns et al. 1997, Sommer et al. 1991).  Since that time, greater 
focus has been placed in identifying novel editing sites that impact gene function.  
Expanded use of high throughput technology has greatly increased the search capacity 
and accuracy of this endeavor.  These methods can be broadly divided into two general 
strategies: search of existing gene databases and use of next generation sequencing.  
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Though each method has its own set of advantages and disadvantages, their application 
has greatly expanded beyond the identification of novel recoding events in protein coding 
genes.  High throughput approaches to studying A-to-I RNA editing has shown that A-to-
I RNA editing is prevalent.  Indeed, A-to-I RNA editing is now implicated in having a 
significant potential to greatly expand heterogeneity in humans (Athanasiadis et al. 2004, 
Kim et al. 2004, Li et al. 2011, Paz-Yaacov et al. 2010, Peng et al. 2012).   
 Improved computational algorithms as well as investigation of unique databases 
have greatly expanded the number of potential recoding events that are created by A-to-I 
RNA editing.  One example of this was the use of the single nucleotide polymorphism 
(SNP) database to identify A-to-I RNA editing sites that had previously been mislabeled 
as SNPs.  This screen used a system of filters to scan the SNP database for A/G 
discrepancies between the consensus genomic sequence and the SNP (Gommans et al. 
2008).  This screen identified 554 potential editing sites, three of which, one site in 
SRp25 and two sites in IGFBP7, were identified as novel editing sites that resulted in a 
codon changes.  A second example was the development of the RNA Editing Dataflow 
System (REDS) program (Maas et al. 2011).  This program aligned the expressed 
sequence tag (EST) database to the genomic database and used a filter system to identify 
high probability A-to-I RNA editing sites that result in non-synonymous codon changes.  
Several of these novel sites were verified as bona fide editing sites. 
 Though a database driven approach can be very cost effective upfront, these high 
throughput methods require specific verification of each potential editing site.  This 
verification process can be especially costly in terms of time spent.  This issue of time 
can be largely avoided with the use of next generation sequencing.  Development of 
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RNAseq technology has enabled high throughput sequencing on an individual transcript 
basis.   
 The use of RNAseq technology can best be demonstrated by the 1000 Genome 
Project (Li et al. 2011).  This project seeks to compare the genomes and transcriptomes of 
a large group of individuals to catalog and understand genetic diversity across a 
population (The 1000 Genome Consortium, 2011).  A 2011 study by the 1000 Genome 
Project used high throughput sequencing to sequence Human B cell RNA from 27 
different individuals (Li et al. 2011).   These RNA sequences were then aligned to the 
DNA sequence of each individual, and genomic and RNA sequences were compared for 
nucleotide mismatches.  Researchers identified 28,766 total mismatches spread across 
10,210 exons and 4741 total genes.   A/G mismatches, indicative of A-to-I RNA editing, 
represented 23% of the mismatches and were the most common type.  These A/G 
mismatches were enriched in coding regions and 3’UTRs.  Interestingly, the number of 
A/G mismatches varied between individuals, indicating an editing dependent mechanism 
in increasing variability.   
 A similar study investigated A/G mismatches between genomic and cDNA 
sequences derived from tissues broadly sampled from a single person (Peng et al. 2012).  
22,288 total mismatches were identified, with A/G mismatches representing about 93%.  
Of these mismatches, an overwhelming majority (~90%) were located in Alu elements.  
Also, A/G mismatches were enriched in intronic and 3’UTR sequences, which is 
consistent with Alu distributions within protein coding genes (Sela et al. 2007).   These 
results were consistent with earlier studies indicating Alu elements as major A-to-I RNA 
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editing targets (Athanasiadis et al. 2004, Kim et al. 2007, Paz et al. 2007, Paz-Yaacov et 
al. 2010) 
A third interesting study sought to correlate A-to-I RNA editing in Alu elements 
with primate evolution (Paz-Yaacov et al. 2010).  This study compared human, 
chimpanzee, and rhesus monkey for differences in editing levels in the brain.    The 
highest amount of editing was observed in humans while chimpanzee and rhesus monkey 
did not significantly differ.  This difference was not due to differences in ADAR 
expression.   Rather, variation in the presence of nearby inverted Alu elements appeared 
to play a significant role.  Humans and chimpanzees share a majority of their Alu 
elements.  In addition, since their divergence, humans and chimpanzees have had 5530 
and 1642 new Alu insertions, respectively (CSAC 2005, Mills et al. 2006).  Since the 
divergence between humans and chimpanzees, new Alu insertions were found to be 
enriched in genes associated with neuronal development and function (Paz-Yaacov et al. 
2010).  Increased transcriptome diversity was associated with these new Alu insertions.   
Alu Elements Have Heavily Impacted Human Evolution 
The human genome is 3.4 billion base pairs in length.  The initial draft of the 
human genome estimated about 50% of the human genome to be comprised of repetitive 
elements (IHGSC 2001).  However, a study using improved sequencing methods 
combined with different computational and statistical analysis has estimated that 
repetitive elements may comprise up to two-thirds of the human genome by mass (de 
Koning 2011).  Alu elements compose a major fraction of the repetitive DNA content.  
Alu elements are primate specific repetitive elements in the short interspersed element 
(SINE) family of repetitive elements.  They are about 300 nt in length and are present in 
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over 1 million copies in the human genome (Britten et al. 1988).  Altogether, Alu 
elements make up about10% of the human genome by mass (IHGSC 2001).   
An Alu element can be divided into a left arm and a right arm separated by a 
central poly-A track (Figure 1.4) (Batzer et al. 1996).  The two armed structure evolved 
from two individual monomers separately derived from the 7SL RNA of the signal 
recognition particle (SRP).  The fusion of these two monomers about 65 million years 
ago coincides with the evolutionary divergence of primates from other mammals 
(Quentin 1992). The left monomer contains putative A-Box and B-Box promoter 
elements for RNA Polymerase III.  Though similar in sequence the right monomer lacks 
these promoter elements, but does contain an additional 31 nucleotide insert that is not 
present in the left arm.  The right arm ends in a poly-A tail that can be comparatively 
longer than the central poly-A-track.  The overall length and genetic sequence of this 
poly-A tail is highly variable among individual Alu elements (Roy-Engel et al. 2002).   
Alu elements have been divided into three major families: AluJ, AluS, and AluY 
(Batzer et al. 1996, Britten et al. 1989), that are differentiated based on conserved 
discrepancies in each family’s consensus sequence.  Each of these Alu families can be 
further characterized into different subfamilies based on additional sequence 
discrepancies.  For example, the AluY family can be further categorized as AluYa5, 
AluYa8, and AluYb8 among others (Batzer et al. 1996).  Currently, Alu element 
retrotransposition is only seen in the AluY subfamilies.  Conservation of the AluY 
sequence and the observation that not all members of the AluY subfamily are able to 
retrotranspose has led to the hypothesis that genetic sources for Alu retrotransposition are 
produced by a relatively limited number of Alu elements called master genes (Britten et 
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al. 1988, Deininger and Slagel 1998).  The presence of the various AluY subfamilies 
supports the idea that there are multiple master genes that are currently responsible for 
the expansion of Alu elements (Deininger and Slagel 1988, Styles and Brookfield 2007).  
The commonality of AluY subfamily sequence between humans and chimpanzees 
suggests that the currently active master genes are shared between both species (Britten et 
al. 1989, Styles and Brookfield 2007, CSAC 2005, Deininger and Slagel 1988, Han et al. 
2005).  This means that the AluY subfamily arose prior to the divergence between 
humans and chimpanzees.  Currently, Alu elements are expanding at rate of about 1 new 
heritable insertion per 20 births, (Cordaux et al. 2006).   
Alu elements provide an interesting insight into the primate, and thus, human 
evolution.  Primate genomes can be compared in two ways with regards to Alu elements.  
The first is through comparative analysis of Alu insertions (Liu et al. 2009, Mills et al. 
2006, Paz-Yaacov et al. 2010, Xing et al. 2007).  Simply stated more closely related 
species have more Alu insertions in common.  The second is through analysis of 
sequence divergence in Alu elements shared between species (Britten 2010, Liu et al. 
2009, Paz-Yaacov et al. 2010).  This provides insight into the relative age of the Alu 
element since the more recent the insertion, the higher the sequence conservation 
between species (Brookfield and Styles 2007, Han et al. 2005, Liu et al. 2009, Xing et al. 
2007).  It is also demonstrates a selective pressure to maintain the Alu consensus 
sequence, indicating an important role for Alu elements (Liu et al. 2009).  These kinds of 
analyses have been important in understanding the evolutionary relationship between 
different primate species and the relationship between Alu retrotransposition and primate 
evolution (CSAC 2005, Mills et al. 2006 Xing et al. 2007).  Perhaps one of the most 
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striking evolutionary correlations is that of increased Alu expansion correlating with 
increased brain size in humans (Britten 2010, Paz-Yaacov et al. 2010).    
Similar studies have been used to compare Alu insertion polymorphisms to better 
ascertain linear relationships within a species.  Such forensic analysis has been performed 
in both humans and non-humans alike (Garcia-Obreggon 2007, Li et al. 2009, Xing et al. 
2007).   These studies aid in understanding human migration patterns out of Africa as 
well as selective forces impacting human evolution at the genomic level.   
One interesting effect Alu elements have had on primate genome evolution is 
through their influence on chromosome recombination and DNA damage repair.  During 
meiosis, homologous chromosomes align with each other, and entire genomic regions can 
crossover to the other chromosome.  This process of recombination is very important in 
maintaining genotype diversity within a population.  AluY elements were shown to have 
increased recombination rates in areas immediately surrounding the Alu loci.  The levels 
observed were consistent with other recognized recombination hotspots present in the 
genome (Witherspoon et al. 2009).  Alu directed gene rearrangements are implicated in 
gene deletion/insertion events in primates that can accelerate genome divergences 
between species (Han et al. 2007).  Alu-directed gene rearrangements have been 
implicated as a cause of Hunter’s disease and von Hippel-Lindau disease (Casarin et al. 
2006, Ricci et al. 2003).  This indicates the potential consequences of Alu directed 
insertion/deletion events that can occur during recombination.  In addition, 
insertion/deletion events may arise as a consequence of DNA damage repair.  Alu 
elements and L1 repetitive elements have both been implicated in mediating double 
strand break repair through a retrotransposition like process (Wallace et al. 2010, Srikanta 
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et al. 2008, Srikanta 2009).  This process is a further source of Alu mediated 
insertion/deletion events in the genome.  These processes represent a minor mechanism 
for repetitive element retrotransposition (Suzuki et al. 2009). 
Alu elements have played a significant role in role in shaping the human genome.  
However, their impact is not limited to their role in shaping genomic structure.  Alu 
elements can impact gene expression in cis at both the genomic and RNA levels, and can 
regulate gene expression in trans as functional non-coding RNA molecules.  Embedded 
Alu elements have been shown to be major targets of A-to-I RNA editing.  However, A-
to-I RNA editing has not been demonstrated in transcriptionally active Alu elements.  
This dissertation shows that transcriptionally active Alu elements can undergo A-to-I 
RNA editing.  By understanding Alu retrotransposition and Alu function, the potential 
impact A-to-I RNA editing has on these processes can be better understood.   
Regulation of Alu Expression 
 Alu elements can be transcribed by two distinct mechanisms.  The first is as 
embedded Alu elements present within a larger transcript.  A common example of this is 
mRNA, which often contain Alu elements within their UTR’s, but also express exonized 
Alu elements within the open reading frame (Sela et al. 2007).  Such genes are 
transcribed by RNA Pol II.  The other mechanism of Alu expression is via RNA Pol III 
(Dieci et al. 2007).  RNA Pol III is responsible for expression of non-protein coding 
genes such as tRNA, the U6 RNA of the spliceosome, and the 7SL RNA of the signal 
recognition particle (SRP).  Alu elements expressed in such a way are termed transcribed 
Alu elements, or transcriptionally active Alu elements (Li and Schmid 2001).  Since Alu 
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elements have A-box and B-box promoter elements they are classified as Class II genes 
when expressed by RNA Pol III (Dieci et al. 2007). 
 Transcribed Alu elements are distinguished from embedded Alu elements at the 
RNA level based on a number of characteristics.  Chief among these are the transcription 
start and termination sites.  In transcriptionally active Alu elements, transcription begins 
immediately at the 5’ end of the Alu sequence.  This is in contrast to embedded Alu 
elements, which can have 5’ flanking sequences that can be traced to the transcription 
start site of the host gene, potentially located kilobases away.      
 Transcribed Alu elements also contain 3’ flanking sequences.  While 3’ flanking 
sequences cannot be used to differentiate transcriptionally active Alu elements from 
embedded Alu elements, the mechanism of termination can.  RNA Pol II and RNA Pol 
III employ different mechanisms of transcription termination.  RNA Pol III recognizes a 
specific termination sequence encoded as four consecutive deoxythymidines in mammals, 
5 in lower eukaryotes (Chu et al. 1995, Matsuzaki et al. 1994).  On the other hand, 
termination during transcription by RNA Pol II is poorly understood in eukaryotic 
systems.  Rather than relying on a specific consensus termination site, RNA Pol II 
termination is more processing dependent.  For example, full length mRNA transcripts 
contain poly-adenylation signals encoded as AAUAAA, though this sequence alone is 
insufficient to induce transcription termination.  This is supported by the presence of 
multiple poly-adenylation signals within some genes (Lee et al. 2008).  Interestingly, 
transposable elements have been shown to contain such poly-adenylation signals 
(Borodulina and Kramerov 2008).  These signals were shown to be active in B2 elements, 
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a rodent specific SINE family related to Alu elements.  Whether they are active in 
transcribed Alu elements is yet to be shown. 
 Expression of transcriptionally active Alu elements begins with the binding of 
RNA Pol III specific transcription factors TFIIIC at both the A-box and B-box promoters.  
TFIIIC recruits a second transcription factor, TFIIIB to the region near the transcription 
start site (Ishiguro et al. 2002).  TFIIIB is a multimer comprised of three subunits: 
TATA-binding protein, Brf1, and Bdp1.  Following TFIIIB binding to DNA, TFIIIC is 
released, and RNA Pol III is recruited.  The RNA Pol III core enzyme interacts with 
TFIIIB via an associated subunit complex comprised of three proteins, RPC3/6/7 
(Kenneth et al. 2008).  The association between TFIIIB and RPC3/6/7 is necessary for 
RNA Pol III directed transcription initiation, but is not required for transcription 
elongation. Transcription continues until reaching an RNA Pol III termination site. 
 RNA Pol III transcription termination occurs at specific sites encoded as four 
consecutive thymines and is mediated by the transcription termination factor La (Goodier 
and Maraia 1998, Maraia et al. 1994).  However, transcription termination efficiency 
varies between different genes and is dependent on other factors outside of the consensus 
termination sequence (Chu et al. 1995).  Short palindromic sequences upstream of the 
termination site as well as G/C nucleotides immediately flanking the termination site can 
improve termination efficiency (Chu et al. 1995, Chu et al. 1997, Gunnery et al. 1999).   
 It is important to note that the RNA Pol III termination sequence is not necessarily 
located immediately adjacent to the end of the 3’ poly-A region.  The intervening space 
between the end of the Alu transcript and the termination site is often, but not always, 
unique genetic sequence.  This unique sequence can be used to annotate individual Alu 
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transcripts to a specific region of the genome.  This 3’ unique sequence can also harbor 
other functional RNA molecules.  Prominent examples are miRNA, which can be 
processed into fully functional miRNA derived from transcriptionally active Alu 
elements (Borchert et al. 2006, Gu et al. 2009). 
 Transcriptionally active Alu elements can be regulated at the genomic level by 
multiple factors.  First, Alu elements contain high CpG content.  These CpG 
dinucleotides can be methylated, resulting in localized reduction in Alu transcription 
(Kochanek et al. 1995, Liu et al. 1994, Muiznieks and Doerfler 1994).  Expression of 
transcriptionally active Alu elements is typically repressed in healthy tissue.  However, 
Alu expression increases following various kinds of cell stress, including viral infection, 
heat shock, and exposure to DNA damaging reagents (Li and Schmid 2001, Liu et al. 
1995, Panning and Smiley 1995, Rudin and Thompson 2001).   Alu RNA interacts with 
RNA Pol II during cell stress to repress transcription in trans (Mariner et al. 2008).  CpG 
methylation and Alu RNA functional activity will be discussed in greater detail in later 
sections.   
 Alu expression is regulated post transcriptionally via several different 
mechanisms.  One of the more prominent mechanisms is via regulation by piwi-
interacting RNA (piRNA).  piRNA are short RNA molecules that bind to complementary 
sequences and regulate expression using a mechanism similar to miRNA.  A recent study 
found that older Alu elements have larger numbers of piRNAs that map to their specific 
sequence.  This indicates positive selection for piRNA as a mechanism of regulating Alu 
expression (Lukic and Chen 2011).  
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 Transcriptionally active Alu elements are also be regulated by DICER1 (Kaneko 
et al. 2011).  Geographic atrophy, an age related degenerative disease, occurs via retinal 
pigmented epithelium (RPE) cell degeneration.  This degeneration can occur due to both 
a loss of DICER1 and increased abundance of Alu transcripts.  In healthy RPE, 
knockdown of DICER1, but not other enzymes involved in miRNA processing and 
activity, resulted in an increase in Alu RNA and onset of RPE cell degeneration.  This 
indicated that Alu transcripts are regulated by DICER1 in a miRNA-independent 
mechanism, and that loss of Alu regulation may promote disease onset.  
 Transcribed Alu elements can also undergo post-transcriptional modification.  A 
key post-transcriptional modification results in the formation of scAlu (Shaikh et al. 
1997).  scAlu transcripts are comprised of only the left arm of the Alu element, but are 
generated from full length Alu transcripts via 3’-end processing in the central-A track.  
scAlu elements are important due to their ability to associate with the SRP9/14 subunit of 
the SRP (Hasler and Strub 2006).  This scAlu/SRP9/14 complex inhibits translation 
initiation.  They also associate with RNA Pol II during heat shock (Mariner et al. 2008).  
Finally, increased processing of younger Alu elements into scAlu relative to older Alu 
elements is implicated as a potential retrotransposition regulatory mechanism (Sarrowa et 
al. 1997). 
Alu Retrotransposition Occurs Via the L1 Reverse Transcriptase 
Alu elements retrotranspose via an RNA intermediate transcribed by RNA Pol III 
(figure 1.5).The estimated frequency of inherited Alu retrotransposition is once every 20 
generations (Cordaux et al. 2006).  Alu elements retrotranspose via a mechanism called 
target-primed reverse transcription (TPRT).  TPRT uses the genomic insertion site as a 
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primer for reverse transcription.  In this mechanism, reverse transcription and 
retrotransposition occur simultaneously.  Alu retrotransposition is dependent on key 
structures in the Alu element as well as the L1 repetitive element and is regulated by a 
myriad array of mechanisms.   
Alu elements do not encode their own retrotransposition machinery.  Instead, they 
rely on L1 for their own expansion in the genome.  L1 elements are members of the long 
interspersed element (LINE) family of transposons.  L1 elements are also protein coding 
genes, encoding an mRNA with two open reading frames, ORF1 and ORF2, which 
produce proteins ORF1p and ORF2p (Alisch et al. 2006).  Each ORF is highly conserved, 
and are functionally interchangeable with homologs from other species without 
significantly impacting retrotransposition (Feng et al. 1996, Januszyk et al. 2007, 
Wagstaff et al. 2011, Weichenrieder et al. 2004).   ORF1p encodes an RNA binding 
protein with RNA chaperone activity dependent on a coiled-coil domain (Callahan et al. 
2011, Janusyzk et al. 2007).  While ORF1p is required for L1 retrotransposition, it is not 
necessary for Alu retrotransposition, though its presence does enhance the rate of Alu 
retrotransposition (Kroutter et al. 2009, Martin et al. 2005, Wallace et al. 2008).  ORF2 
encodes both an endonuclease and a reverse transcriptase, and is by itself sufficient for 
Alu retrotransposition (Feng et al. 1996, Mathias et al. 1991).  Though ORF2 shows a 
strong preference for binding its own RNA, poly-adenylated RNA molecules, both 
coding and non-coding, can replace the bound L1 mRNA via a template switching 
mechanism (Esnault et al. 2000, Kroutter et al. 2009, Kulpa and Moran 2005, Wei et al. 
2001).  This helps facilitate retrotransposition of the newly bound RNA transcript.   
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Alu retrotransposition via L1 mediated TPRT begins with Alu transcription by 
RNA Pol III.  Alu transcripts are then exported to the cytoplasm where they interact with 
the SRP9/14 subunit of the SRP (Andrews and Kole 1987, Hsu et al. 1995).  Alu bound 
SRP9/14 can associate with the ribosome.  Though the mechanism is not fully 
understood, this is believed to be important in aiding Alu transcript recruitment to ORF2p 
following translation of the L1 protein.  Typically, ORF2p preferentially binds its own 
encoding mRNA (Kulpa and Moran 2006, Wei et al. 2001).  However, Alu elements 
replace the L1 mRNA via a template switching mechanism involving the Alu poly-A tail 
forming a new Alu RNP complex with ORF2p.  Though not required, ORF1p can also 
associate with this RNP.  The RNP is then imported into the nucleus.  TPRT is initiated 
by the endonuclease activity of ORF2p opening the DNA strand in the consensus 
sequence TTAAAA (Feng et al. 1996).  These A/T rich regions prime reverse 
transcription in the Alu poly-A tail, which proceeds in 3’ to 5’ direction (Kroutter et al. 
2009).  It is unclear whether the opposite DNA strand is cut before, during or after 
retrotransposition.  In any case, the use of genomic DNA sequence as a primer results in 
target site duplications at the 5’ and 3’ ends of the newly retrotransposed Alu element due 
to the presence of overhanging ends formed during endonuclease cleavage and reverse 
transcription priming (Kojima 2010). 
   The A-box and B-box promoter elements are RNA Pol III specific promoter 
elements located within the left arm of the Alu element.  The process of Alu element 
expansion is such that the promoter elements remain intact following retrotransposition.  
However, not all Alu elements have maintained functional promoters.  Over time, the 
promoters of many Alu elements, especially from the AluJ and AluS families, have lost 
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functionality due to accumulation of mutations (Comeaux et al. 2009).  This limits the 
number of Alu elements that are able to retrotranspose to those with intact, functional 
promoter elements.   
 Development of a marked-Alu expression vector greatly expanded research into 
structural features necessary for Alu retrotransposition (Dewainnieux et al. 2003).  These 
marked Alu elements can be tracked in the genome and also provide neomycin resistance, 
enabling quantitative measurement of Alu retrotransposition rates.  Two structures 
investigated were the length and heterogeneity of the Alu poly-A tail (Comeaux et al. 
2009). A minimum length of 20 uninterrupted adenosines was shown to be a lower limit 
for retrotransposition using the marked Alu system.  Longer stretches of uninterrupted A-
tail length did not show a difference in retrotransposition rates.  However, an interruption 
of just a single non-adenosine nucleotide within the A-tail was sufficient to significantly 
reduce retrotransposition rates.  The importance of the poly-A tail length in Alu 
retrotransposition is supported by genomic analysis that revealed  that the average poly-A 
tail length of AluJ and AluS family elements have a shorter mean distribution compared 
to the AluY family (Roy-Engel et al. 2006).   In addition, newly inserted disease causing 
Alu elements have poly-A tail length distributions larger than 40 nucleotides, with a 
mean length of 77 nucleotides. This study indicates that the number of master Alu 
elements responsible for retrotransposition is limited to Alu elements with intact poly-A 
tails of specific minimal length. 
 Regions flanking the poly-A tail also influence retrotransposition rates (Comeaux 
et al. 2009).  Random mutations in the Alu right arm reduce retrotransposition, indicating 
the right arm is involved in helping to facilitate retrotransposition.  The Alu right arm has 
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previously been shown to be involved in formation of the Alu/SRP9/14 complex, 
highlighting the role that SRP9/14 plays in Alu retrotransposition (Hasler and Strub 
2006).  In addition, the 3’ flanking sequence reduced Alu retrotransposition in a length 
dependent manner.  This indicates that longer 3’ flanking regions may either inhibit the 
interaction between Alu elements and L1 reverse transcriptase, or inhibit the insertion 
mechanism. 
Alu elements are thought to have gone through altering periods of high and low 
retrotransposition rates (Han et al. 2005, Kim et al. 2004).  One proposed mechanism for 
the changes in retrotransposition rates is the coevolution of both the Alu sequence and the 
SRP9/14 subunit of the SRP (Liu et al. 1994, Sarrowa et al. 1997).  Alu elements 
retrotranspose via an RNA Pol III transcribed Alu RNA (Bennett et al. 2008, Sarrowa et 
al. 1997).  Though not precisely understood, the SRP9/14 is thought to recruit Alu 
transcripts to the L1 retrotransposition machinery.  The human SRP9/14 subunit binds 
Alu elements more efficiently than mouse SRP9/14 (Bovia et al. 1997).  Closer 
inspection of Alu right arm binding specificity revealed that SRP9/14 preferentially 
bound AluSx > AluY > AluYa5.  Reasons for this type of preference were attributed to 
changes in the Alu right arm in younger Alu elements causing a shift in Alu secondary 
structure that is less favored for SRP9/14 binding.  In addition to full length Alu RNA, 
the SRP9/14 has been shown to bind small cytoplasmic Alu (scAlu) RNA, and may help 
promote the processing of Alu RNA into scAlu RNA (Aleman et al. 2000, Batzer et al. 
1996, Bovia et al. 1995, Bovia et al. 1997, Esnault et al. 2000, Hasler and Strub 2006, 
Hsu et al. 1995, Liu et al. 1994).   Transfection of AluYa5 resulted in relatively high 
processing of AluYa5 elements into scAlu elements as compared to AluSx and AluY, 
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each of which produced little to no scAlu.  This is supported by research showing that 
younger Alu elements are more highly processed into scAlu (Liu et al. 1994).  This 
indicates that Alu retrotransposition may be partly limited by the reduced ability of 
retrotransposably active Alu elements to interact with SRP9/14, coupled with an increase 
in processing of Alu RNA in scAlu RNA. 
Both L1 and Alu retrotransposition is inhibited by the APOBEC3 family of 
proteins (Bogerd et al. 2006, Chiu et al. 2006).  APOBEC3 genes are members of the 
cytidine deaminase family.  APOBEC3 proteins are single stranded RNA binding 
proteins that can catalyze C-to-U RNA editing via a deamination reaction.  These genes 
have previously been shown to play a key role in the innate immune response.  
APOBEC3 enzymes can also influence Alu retrotransposition by binding to and 
sequestering Alu RNA away from L1 reverse transcriptase.  This regulatory mechanism 
behaves independent of C-to-U editing.  Interestingly, some of the APOBEC3 enzymes 
are expressed during early stages of embryo development, indicating an adapted role for 
these enzymes in regulating retrotransposition.      
Though Alu elements and L1 elements both retrotranspose using the same 
machinery, there are differences in terms of integration site selection.   An investigation 
of G/C content within a 50 bp window of the insertion site displayed a bias for L1 
insertion into A/T rich sites, but a bias for G/C rich sites for Alu insertion.  This 
preference was lost when the size of the genomic window was expanded to larger sizes 
(Gasior et al. 2006).   Comparison of insertion preference into imprinted regions showed 
no preference for L1 content, but Alu content was significantly lower compared to non-
imprinted regions (Greally 2002).  Similarly, Alu elements were retained in regions 
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flanking housekeeping genes but not in genes expressed in a tissue specific manner (Eller 
et al. 2007, Grover et al. 2003).   This indicates an inhibitory effect on Alu 
retrotransposition by heterochromatin, a type of high density DNA packaging that is 
associated with low levels of gene expression. 
A majority of new Alu retrotranspositions are considered to have a neutral 
evolutionary impact (Cordaux et al. 2006).  However, insertion site selectivity indicates a 
potential impact on gene expression.  Alu elements are enriched in oncogenes compared 
to tumor suppressor genes, suggesting a role in cancer onset (Zhang et al. 2011).  Also, 
development of high throughput methods to track Alu insertions revealed 13,692 
polymorphic Alu insertions in the human brain (Baillie et al. 2011).  This indicates that 
retrotransposition may provide a mechanism of increasing Alu related gene regulatory 
mechanisms during somatic tissue development.   
Though retrotransposition rates in somatic cells may differ in a cell type specific 
manner, inherited Alu retrotranspositions must occur in either human embryonic stem 
cells (hESCs) or germ line cells.  Indirect evidence of Alu retrotransposition has been 
observed in hESCs (Macia et al. 2011).  First, Alu element expression was found to be 
enriched in the AluY family.  Second, Alu elements expressed by hESCs were subcloned 
into the marked Alu expression vector and were assayed for retrotransposition activity.  
The AluY subfamily was shown to be retrotranspositionally competent in hESCs.  This 
study, however, did not identify newly inserted Alu elements derived from endogenous 
Alu transcripts.   
Evidence for retrotransposition in human germ line cells is even more fleeting.  
L1 elements have been shown to be retrotranspositionally active during meiosis in a case 
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study (Brouha et al. 2002).  In addition, L1 is expressed in human oocytes and is 
retrotranspositionally active in germ line cells and embryos from transgenic mouse and 
rat models (Georgiou et al. 2009, Kano et al. 2009).  Similar studies have not been 
performed concerning Alu retrotransposition.  However, Alu elements are 
hypomethylated in human male germ line cells, indicating an increased likelihood of Alu 
expression (Hellmann-Blumberg et al. 1993, Kim et al. 2007). 
Alu Elements Regulate Gene Expression at the Genomic Level in Cis 
 Alu elements can impact gene expression in cis and in trans at both the genomic 
and RNA levels.  Cis regulation of gene expression is accomplished by Alu elements 
through epigenetic regulation and expansion of promoter binding sites in the genome.  
These influences have been selected for since Alu elements are enriched in promoter 
regions (Grover et al. 2003, Polak and Domany 2006, Tsirigos and Rigoutsos 2009).   
Epigenetic regulation is the regulation of gene expression through histone or DNA 
modifications that can influence DNA packaging and gene expression.  Alu elements can 
influence nucleosome position and are sites for CpG dinucleotide methylation (Bettecken 
et al. 2011, Rodriguez et al. 2007, Tanaka et al. 2010). 
 Nucleosomes are DNA packing units comprised of 146-147 bp of DNA wound 
around a histone octamer (Lugar et al. 1997).   Neighboring nucleosomes are separated 
by linker DNA that can vary in length, and are further wound around each other to create 
a tightly packaged chromatin structure.  Chromatin can be described in two broad 
packaging types.  Euchromatin is a loose packing associated with active gene regions, 
and is characterized by unmethylated DNA and specific combinations of histone mono-
methylation and histone acetylation.  Heterochromatin is tightly packaged DNA 
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associated with low gene expression, key chromosome structural elements such as the 
centromere or telomere, and imprinted gene regions.  Heterochromatin is most typically 
marked by DNA methylation at CpG dinucleotides and deacylated, dimethylated 
histones. 
 Nucleosome positioning is influenced by Alu elements.  Though nucleosomes are 
relatively evenly distributed along the chromosome, they do show sequence specific 
positional preference along the DNA helix.  Nucleosome mapping in primates displayed 
enriched associations with the Alu left arm and enriched, though slightly lower, 
associations with the Alu right arm (Tanaka et al. 2010).  In addition, in unexpressed 
genes, nucleosome positioning to Alu elements was significantly higher than to non-Alu 
sequences.  This nucleosome positioning is mediated by the high presence of CpG 
dinucleotides located within Alu elements (Bettecken et al. 2011).  CpG dinucleotides 
were shown to be strongly preferred nucleosome positioning sites. 
 DNA methylation is an enzymatically catalyzed epigenetic regulatory process that 
is impacted by Alu elements (Muiznieks and Doerfler 1994).  DNA methylation occurs at 
CpG dinucleotides present within CpG islands and results in decreased expression of 
nearby genes.  CpG islands are regions of CpG rich sequence that can be kilobases in 
length.  Due to their high CpG content, Alu elements often constitute CpG islands (Cho 
et al. 2007, Kang et al. 2006).  Interestingly, older Alu elements are more highly 
methylated than younger Alu elements, suggesting a functional adaptation for older Alu 
elements (Rodriguez et al. 2007).  Investigations of Alu methylation patterns show tissue 
specific methylation patterns, and a dynamic process of differential methylation 
throughout development (Hellmann-Blumberg et al. 1993, Kim et al. 1994, Rubin et al. 
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1994, Xie et al. 2011).  Furthermore, aberrant Alu methylation patterns have been 
displayed in multiple types of cancer (Cho et al. 2007, Gao et al. 2012, Rodriguez et al. 
2007, Wang et al. 2011, Xie et al. 2010). 
 In addition to epigenetic regulation, Alu elements can impact gene expression 
through their ability to distribute transcription factor binding sites throughout the genome 
(Polak and Domany 2006).  Alu elements contain many transcription factor binding sites 
for both RNA Pol II and RNA Pol III (Bolotin et al. 2011, Komiyama et al. 2010, 
Laperriere et al. 2007, Polak and Domany 2006, Zhou et al. 2002).   Interestingly, a loss 
in expression by RNA Pol III is correlated with a gain in RNA Pol II transcription factor 
binding sites (Shankar et al. 2004).  Alu retrotransposition has been suggested as a 
significant means of expanding RNA Pol II regulatory sites in the genome (Polak and 
Domany 2006, Shankar et al. 2004). 
One interesting Alu associated transcription factor binding site is for the heat 
shock protein HSF (Pandey et al. 2011).  Genes that are differentially expressed during 
heat shock were enriched in their promoter and UTR regions for Alu elements containing 
HSF binding sites.  Expression of these genes increases following heat shock, and is 
dependent on the conservation of the HSF binding site.  In addition, genes down-
regulated during heat shock contain transcriptionally active Alu elements in their 5’ end 
that are in the antisense orientation relative to the direction of expression of the 
downregulated gene.  These antisense oriented Alu elements harbor a high amount of 
HSF binding sites that promote Alu transcription by RNA Pol III following heat shock. 
Expression of these Alu elements following heat shock results in the down-regulation of 
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the host gene.  Though it is unknown precisely how this mechanism works, 
transcriptional interference and RNAi have been hypothesized as possible mechanisms.  
One thing that must be discussed is the relationship between Alu 
retrotransposition and gene expression.  Alu elements are enriched in promoter regions of 
housekeeping genes (Grover et al. 2003, Tsirigos and Rigoutsos 2009, Urrutia et al. 
2008).  However, housekeeping genes are defined as being broadly expressed by most 
tissues since they are often necessary for normal cell function.  Transcription of these 
genes is not regulated by CpG methylation.  Rather, lack of DNA methylation in these 
genes is hypothesized to help promote Alu retrotransposition to these regions by 
maintaining DNA in an euchromatin state (Urrutia et al. 2008).     
Embedded Alu elements Regulate mRNA In Cis 
 Embedded Alu elements can significantly impact post-transcriptional gene 
expression.  The influence of A-to-I RNA editing in mediating alternative splicing and 
nuclear retention in genes containing inverted Alu repeats has already been discussed, 
and so will not be detailed here.  Editing independent mechanisms of gene regulation are 
also prevalent and include alternative splicing, alternative poly-adenylation, and RNA 
degradation (Amit et al. 2007, Borchert et al. 2009, Chen et al. 2008, Gong and Maquat 
2011, Lee et al. 2008, Lev-Maor et al. 2003, Lin et al. 2008, Sela et al. 2007).  These 
processes are highlighted by Alu insertion polymorphisms that result in disease 
phenotypes (Apoil et al. 2007, Eller et al. 2007, Ganguly et al. 2003, Gu et al. 2007, 
Mustajoki et al. 1999, Tighe et al. 2002).  The combination of these functions and high 
presence of embedded Alu elements in protein coding genes create a case for Alu 
elements having a dramatic impact on expanding protein coding potential. 
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 Alu exonization can arise by a number of different mechanisms.  The most 
significant is through A-to-I RNA editing which can generate new splice sites.  However, 
other mechanisms such as point mutations can also result in Alu exonization capabilities 
(Amit et al. 2007, Lev-Maor et al. 2003).  Though Alu exons can be constitutively 
spliced, the prevalence of alternatively spliced Alu exons is more prevalent (Lin et al. 
2008, Sela et al. 2007).  Interestingly, older AluJ elements displayed higher exon 
inclusion levels than the AluS family elements even though the AluJ family is present in 
a lower copy number within the human genome (Lin et al. 2008).  This indicates that the 
extended presence of AluJ in the primate genome has allowed for evolutionary adaptation 
to their presence.  This is supported by the presence of key structures, such as splice site 
enhancers, that are present in highly exonized Alu elements (Schwartze et al. 2009).  
Unsurprisingly, Alu exonization is differentially regulated in different tissues and is 
associated with cancer phenotypes (Amit et al. 2007, Lin et al. 2008).   
Exonized Alu elements may impart limited functionality to resulting proteins.  
Alu exons are both more prevalent and have higher inclusion levels in 5’ and 3’ UTRs 
relative to translated regions (Sela et al. 2007, Shen et al. 2011).  Alu elements also have 
low coding probabilities based on bioinformatics screens, and to date have no identified 
protein coding function attributed to their sequence (Piriyapongsa et al. 2007, Shen et al. 
2011).   
However, Alu exons can significantly impact protein function through other 
mechanisms.  A bioinformatics screen indicated alternative splicing of Alu elements 
often results in either a frame shift (24%) or a premature stop codon (61%) (Sela et al. 
2007).  In a case study of a Finnish family with hereditary acute intermittent porphyria, 
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an Alu insertion polymorphism was responsible for the presence of an antisense oriented 
AluYa5 in exon 5 of porphobilinogen deaminase (PBGD).  This Alu insertion created a 
premature stop codon and resulted in an almost complete loss of PBGD mRNA 
(Mustajoki et al. 1999).  One possible explanation for the mRNA depletion is nonsense 
mediated decay (NMD), a mechanism that specifically targets mRNA molecules that 
undergo premature translation termination (Maquat 2005). This mechanism may be at 
work in additional examples.  An Alu exon in the 5’UTR in NOSIP and ZNF81 resulted 
in reduced translation efficiency, while an Alu exon in the 5’UTR of ZNF808 increased 
translation efficiency (Shen et al. 2011).  Also, in a case study, immunodeficiency 
syndrome with high-IgM was caused by an Alu retrotransposition in exon1 of CD40LG 
that resulted in the complete loss of translation (Apoil et al. 2007). 
Intronically located Alu elements can also influence the splicing of non-Alu 
exons.  Alu elements can harbor splice silencers (Schwartz et al. 2009).  Case studies 
have revealed several diseases that are caused by a newly retrotransposed Alu element 
into an intron resulting in the exclusion of a constitutively spliced exon located 
downstream (Eller et al. 2007, Ganguly et al. 2003, Gu et al. 2007, Tighe et al. 2002).   
Embedded Alu elements located in the 3’UTR can also impact transcriptome 
diversity due to the presence of alternate poly-adenylation signals.  Poly-adenylation 
signals are encoded as AATAAA.  This motif is common in Alu elements in three 
locations: the 3’ end of the left arm, the central-A track, and the poly-A tail (Chen et al. 
2008).  Each of these signals can function as alternate poly-adenylation sites.  In addition, 
3’UTRs can harbor multiple Alu elements, further increasing their impact on poly-
adenylation (Chen and Carmichael 2008, Sela et al. 2007).  However, alternate poly-
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adenylation sites within Alu elements are selected against since these signals are less 
conserved as their distance away from the 3’ end within the 3’UTR increases (Lee et al. 
2008).  
Embedded Alu elements can also be responsible for reduction in mRNA transcript 
levels.  One mechanism is through Alu directed miRNA regulation (Borchert et al. 2009, 
Lehnert et al. 2009, Smalheiser and Torvik 2006).  Alu directed miRNAs target the most 
conserved regions of Alu elements.  Interestingly, a primate specific 100 kb region 
located in chromosome 19 (C19MC), is home to 43 pri-miRNA, most of which have seed 
sequences that map to Alu elements (Lehnert et al. 2009).  C19MC is also enriched for 
the presence of Alu elements.  The high number of miRNAs and Alu elements are 
believed to have co-evolved via repeated Alu mediated gene duplication events (Zhang et 
al. 2008). Another note of interest is that some of these miRNAs are expressed by RNA 
Pol III via Alu elements located upstream (Borchert et al. 2006).  
A second mechanism of Alu directed regulation is by base pairing between 
embedded Alu sequences and Alu derived lncRNA.  These lncRNAs interact with 
embedded Alu elements located in the 3’UTR of mRNA, forming an RNA/lncRNA 
duplex.  This duplex binds to the dsRNA binding protein Staufen1, which facilitates 
mRNA decay (Gong and Maquat 2011).   
Though Staufen1 has only been shown to target RNA/lncRNA duplexes that form 
in 3’UTRs, a similar lncRNA dependent mechanism may facilitate down regulation of 
mRNA transcript levels when Alu elements are present in intronic and exonic regions 
located upstream of the 3’UTR. As already discussed, heat shock factor HSF is involved 
in expressing a lncRNA derived from an antisense oriented Alu element present in a gene 
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that is down regulated following cell stress.  The lncRNA is responsible for reduction in 
expression of the host gene (Pandey et al. 2011).  In a 2007 study, differences in mRNA 
transcript levels were investigated for genes heterozygous for a specific intronically 
located AluY element.  AluY insertions were found to correlate with lower levels of 
primary mRNA transcripts, though this was found to be tissue dependent (Lebedev et al. 
2007).  This mechanism may be fairly common as 87% of alternatively spliced Alu 
elements are in the antisense orientation relative to the direction of transcription of the 
surrounding gene (Sela et al. 2007).  This may allow for lncRNA derived from these 
specific Alu elements to specifically target their embedded antisense transcript. 
Alu Elements Regulate Gene Expression in Trans 
 lncRNAs are long-noncoding RNA molecules greater than 200 nts in length that 
have a wide range of functions.  These functions include but are not limited to X 
chromosome inactivation, imprinting, epigenetic reprogramming, and other trans-
mediated functions (Cabili et al. 2011, Chen and Carmichael 2008, Loewer 2010).  
Transcriptionally active Alu elements express Alu RNA molecules that display cell stress 
response-like behavior, regulating both transcription and translation in trans.   An 
important note is that Alu expression can increase following various types of cell stress 
(Li and Schmid 2001, Liu et al. 1995, Panning and Smiley 1995, Rudin and Thompson 
2001).   
Alu RNA was shown to inhibit transcription during heat shock by interacting 
directly with RNA Pol II (Mariner et al. 2008).  This transcription inhibition was rescued 
by treatment with antisense Alu RNA, which knocked down Alu transcript levels.  
Interestingly, this transcription repression was not universal.  Transcription of 
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housekeeping genes, but not an 18S rRNA control, decreased while hsp70 transcription 
increased.  Alu RNA can simultaneously associate with up to two RNA Pol II complexes 
at promoter regions of genes that are transcriptionally repressed following heat shock.  
Both the Alu left and right arms were shown to be able to separately associate with RNA 
Pol II.  Additionally, scAlu, the processed left arm of Alu RNA, can also associate with 
RNA Pol II.  However, only the Alu right arm, and not the Alu left arm or scAlu, could 
repress transcription by RNA Pol II.  This is due to the presence of a structurally 
conserved repression domain in the 3’ end of the right arm that is absent from both the 
Alu left arm and scAlu.  Alu elements bind to RNA Pol II pre-initiation complexes and 
repress transcription initiation. 
Like Alu elements, the murine specific transposable element B1 is also derived 
from the 7SL RNA.  B1 elements share secondary structure homology with the Alu left 
arm and were shown to interact with RNA Pol II in a fashion similar to both the Alu left 
arm and scAlu (Mariner et al. 2008).  TFIIF facilitated the dissociation of B1 and scAlu 
from RNA Pol II (Wagner et al. 2010).  This function was inhibited by introducing the 
repression domain from the Alu right arm into the B1 elements leading to transcriptional 
repression.  In addition, B1 elements repressed transcription, but only in the absence of 
TFIIF.    Transcription factors may modulate the Alu/RNA Pol II interaction at some but 
not all promoter regions following heat shock. 
Alu elements also play a role in regulating translation.  This is supported by a 
study showing increased reporter gene expression due to an increase in Alu expression.  
The Alu right arm was shown to be responsible for this process (Rubin et al. 2002).  
Though Alu RNA displayed a positive influence on translation, Alu bound to SRP9/14 
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subunit of the SRP had an inhibitory effect on translation initiation in vitro, though these 
RNP molecules did not affect translation elongation (Hasler and Strub 2006).  This 
SRP9/14 dependent inhibition was observed when bound to either scAlu or Alu right 
arm, indicating no preference for either Alu arm in SRP9/14 dependent regulation. In 
addition, polysome profiles revealed a decrease in the level of monosomes and 
polysomes present on a reporter transcript upon addition of Alu/SRP9/14, but an increase 
upon addition of only Alu RNA.  This supports the variation in translational levels in the 
presence of Alu RNA and Alu/SRP9/14. Interestingly, it is the Alu domain of the SRP 
that is involved in delaying translation elongation following translocation signal sequence 
recognition by SRP54 (Huck et al. 2004, Wild et al. 2004).   
Conclusion 
 A-to-I RNA editing is highly prevalent in Alu repetitive elements embedded in 
protein coding genes expressed by RNA Pol II.  However Alu elements can also be 
expressed by RNA Pol III through their own internally located promoters.  Neither this 
group of transcriptionally active Alu elements nor RNA Pol III transcripts, in general, 
have previously been shown to undergo ADAR catalyzed A-to-I RNA editing. 
 The following dissertation seeks to understand the relationship between A-to-I 
RNA editing and transcriptionally active Alu elements.  The following three chapters 
describe the endeavor taken to demonstrate A-to-I RNA editing in Alu RNA expressed 
by RNA Pol III.  Using a known editing target, the R/G site from GluR-B, expressed 
under an RNA Pol III promoter, RNA Pol III transcripts are shown to undergo A-to-I 
RNA editing by ADAR.  This also demonstrates that A-to-I RNA editing can occur 
independent of the RNA Pol II CTD, a region highly involved in regulating and 
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coordinating post-transcriptional RNA modification. Using a similar strategy, inverted 
Alu repeats, but not single Alu elements, expressed by RNA Pol III are shown to undergo 
promiscuous A-to-I RNA editing.  In addition, editing in these transcripts is revealed to 
be dependent on the formation of dsRNA between inverted Alu pairs.  Finally, an in vivo 
investigation of A-to-I RNA editing in transcriptionally active Alu elements shows 
evidence of basal level editing in human brain tissue.   
The closing chapter discusses the potential significance that A-to-I editing in 
transcriptionally active Alu elements could have on human evolution, Alu 
retrotransposition, and the different functional properties that Alu elements have been 
shown to have.  This chapter concludes by detailing future experiments that could be 
undertaken to expand our understanding of the impact of A-to-I RNA editing on 
transcriptionally active Alu elements. 
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Figure 1.1- A-to-I RNA editing reaction.  The amine group attached to carbon-6 in the 
purine ring is targeted for deamination resulting in the presence of a hydroxyl group.  
This hydroxyl group imparts the base pairing characteristics of guanosine on the edited 
nucleotide, causing inosine to be interpreted as guanosine by much of the cellular 
machinery.  
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Figure 1.2 - A-to-I RNA Editing is Catalyzed by the ADAR Family of Enzymes. 
Adenosine deaminases are conserved across metazoans.  In general they share two 
functional domains, dsRNA binding domains near the N-terminus, and a catalytic 
deaminase domain near the C-terminus.   
 53 
 
 
 
 
Figure 1.3 – A-to-I RNA editing occurs in dsRNA.  Complementary regions present 
within the RNA transcript base pair with each other, creating a dsRNA molecule.  
Individual adenosines present within the dsRNA region are targeted by ADAR for 
deamination. 
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Figure 1.4 - The General Structure of an Alu Element.  Alu elements have two arms 
separated by a central-A track.  The left arm contains A-Box and B-Box RNA Pol III 
promoter elements.  The Alu element ends in a poly-A tail at the 3’-end.  
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Figure 1.5 – Alu Elements Retrotranspose Via an RNA Intermediate.  This RNA 
intermediate is transcribed by RNA Pol III.  Transcription continues until reaching a 
transcription termination site that can be located at varying distances away from the Alu 
3’-end.  However, only the Alu element undergoes retrotransposition. 
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Chapter 2 
RNA Polymerase III Transcripts Are A-to-I RNA 
Editing Targets  
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Introduction 
A-to-I RNA editing is the conversion of adenosine to inosine via a deamination 
reaction performed by the ADAR family of enzymes.  This is significant in terms of gene 
expression because inosine shares base-pairing characteristics with guanosine, and is thus 
interpreted as guanosine by much of the cellular machinery.  This allows A-to-I RNA 
editing to influence the coding sequence and alternative splicing of mRNAs (Sommer et 
al. 1991, Lev-Maor et al. 2007).   
One example of an A-to-I RNA editing target is the R/G editing site in glutamate 
receptor B (GluR-B) mRNA.  This editing site is located in the last codon of exon 13 and 
forms a hairpin structure with a complementary region located immediately within intron 
13 (Lomeli et al. 1994).  Editing results in an arginine, R, to glycine, G, change in the 
codon.  Proteins with the edited amino acid display a reduced recovery time in neurons 
following membrane depolarization.   
Co-transcriptional processing, including 5’ capping, alternative splicing, and 
polyadenylation, are coordinated by a region of RNA Pol II termed the C-Terminal 
Domain (CTD) (Buratowski 2009, Fong and Bentley 2000, Hirose and Okhuma 2007).  
This region is composed of 52 heptad repeats that can undergo reversible phosphorylation 
during transcription.  The CTD can be roughly divided into two regions based on 
processes they are associated with.  Heptads 1-25 are involved in transcription initiation 
and the switch from initiation to elongation, while heptads 27-52 are involved in 
coordination of co-transcriptional RNA processing (Buratowski 2009, Fong and Bentley 
2000).  
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The CTD has previously been shown to be involved in coordinating ADAR2 
directed A-to-I RNA editing with splicing (Bratt and Ohman 2003, Laurencikiene et al. 
2006, Ryman et al. 2007, Schoft et al. 2007).  Proper coordination of these events is 
necessary since dsRNA structure necessary for editing can often be formed between 
exonic and intronic regions (Bratt and Ohman 2003, Schoft et al. 2007).  A previous 
study investigating coordination of editing and splicing at the R/G site of GluR-B 
indicated that the presence of the RNA Pol II CTD does not affect editing when the splice 
site is inactive (Ryman et al. 2007).  However, the CTD is necessary for efficient editing 
when splicing is enabled.  That same study investigated coordination of editing and 
splicing in the Q/R editing site in GluR-B.  Whereas the R/G editing site is located 2 
nucleotides upstream of the end of exon 13, the Q/R site is located more centrally within 
exon 11 (Higuchi et al. 1993, Lomeli et al. 1994).  The regions necessary for dsRNA 
formation to allow editing at the Q/R site are more distantly separated relative to the R/G 
site.  In this case the CTD increased editing by ADAR2 while showing an overall 
enhancement of splicing dependent on editing at the Q/R site (Ryman et al. 2007).  A 
third study investigated a self-targeted editing site within ADAR2 mRNA that leads to 
creation of an alternatively spliced exon (Laurencikiene et al. 2006).  In this case, editing 
and thus inclusion of the alternative exon behaves as a feedback inhibitory mechanism 
regulating ADAR2 function.  This study indicated that full CTD deletion, rather than a 
partial CTD deletion, was necessary to significantly impair alternative splicing.  Together 
these studies indicate that ADAR2 and the spliceosome can compete for shared targets.  
Also, CTD function becomes more important in ensuring that editing precedes splicing as 
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the distance between editing complementary regions increases across an exon/intron 
junction.   
RNA Pol III is a polymerase responsible for expression of non-protein coding 
housekeeping genes, such as tRNA, the U6 RNA of the spliceosome, and the 7SL RNA 
of the signal recognition particle, among others (Dieci et al. 2007, Nikitina et al. 2011).  
Promoter elements for RNA Pol III can be located both upstream of the transcription start 
site and internally within the gene (Roy et al. 2000).  This is in contrast to RNA Pol II 
promoter elements which are mostly located upstream of the transcription start site 
(Baumann et al. 2010).  In addition, RNA Pol III lacks a CTD-like structure that is 
present in RNA Pol II (Nikitina et al. 2011).  While RNA Pol III genes undergo their own 
set of post-transcriptional processes, such as nucleotide modification in tRNA, they are 
wholly different from those processes observed in transcripts expressed by RNA Pol II 
(Su and Randau 2011).  To be clear, tRNA can undergo A-to-I RNA editing by an ADAR 
homolog called adenosine deaminase acting on tRNA, ADAT.  This enzyme specifically 
targets tRNA for deamination.  
To date, A-to-I RNA editing by ADAR has not been shown in RNA Pol III 
transcripts.  Also, the role of the RNA Pol II CTD in regulating ADAR1 activity has not 
been investigated.  Here I use a known editing target, the R/G site in GluR-B, to 
investigate the ability of RNA Pol III transcripts to be edited by ADAR1 and ADAR2.  I 
also use RNA Pol II CTD variants to study how the CTD effects ADAR1 editing.  I show 
that RNA Pol III transcripts can be edited, and that editing efficiency in these transcripts 
differs between ADAR1 and ADAR2.  Also, the partial deletion of RNA Pol II CTD 
increases A-to-I RNA editing efficiency by ADAR1 but not ADAR2. 
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Methods and Materials 
Plasmid Construction 
The RNA Pol III expression backbone, pBS-U6-Term, was built using pBS as a 
base.  The U6 promoter was amplified by PCR from human genomic DNA using primers 
U6-F and U6-R.  These primers had a BamHI and PstI restriction sites, respectively, that 
were used to ligate the sequence into the vector.  The termination sequence was generated 
by annealing together Terminator-F-Oligo and Terminator-R-Oligo. These were ligated 
into the vector using HindIII and XhoI restriction sites.  The use of the U6 promoter and 
an RNA Pol III terminator for construction of RNA Pol III expression vectors has 
previously been described (Chu et al. 1995, Roy et al. 2000).  To make pBS-U6-RG, the 
R/G editing site from GluR-B was amplified by PCR using primers RG-F-PstI and RG-
R-HindIII.  These contain PstI and HindIII restriction sites, respectively, which were used 
to ligate the target sequence into the vector. 
RNA Pol II expression constructs, pCI-CMV-RG, used a pCI backbone.  The 
target sequence was amplified by PCR from pBS-U6-RG using primers RG-F-EcoRI and 
RPBS.  The sequence was cleaved with EcoRI and KpnI which was used for the ligation. 
Plasmids pAT7RpbWT and pAT7Rpb1-25 were kindly donated by David Bentley 
from University of Colorado, Denver. 
Cell Culture and Transfections 
HeLa cells were grown to 50% confluence in 6 well plates in growth media 
containing minimal essential media, 10% fetal bovine serum, and 1x antimycotic 
solution.  Cells were grown at normal growth conditions at 37° C with 5.5% CO2 and 
88% humidity.  Transfections were performed in 3.5 cm dishes using Superfect reagent 
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according to the manufacturer’s protocol.   1 ug of either pBS-U6-RG or pCI-CMV-RG 
and 1ug of pEX-ADAR1, pEX-ADAR2 was used in each reaction.  Cells were incubated 
for 3 hours at normal growth conditions following addition of the transfection mixture.  
Each well was then washed with PBS, then received 3 mL growth media and incubated at 
normal growth conditions for 48 hours.  Transfections using pAT7-RpbWT and pAT7-
Rpb1-25 were performed using a modified protocol with Superfect reagent.  1.25 ug 
pAT7-RpbWT or pAT7-Rpb1-25 was used with 0.75 ug target sequence and 0.75 ug 
ADAR expression vectors.  50% additional Superfect reagent was used with each 
transfection.  All other steps were performed according to manufacturer’s protocol.  Cells 
were grown for 30 hours, then alpha-amanitin was added to growth media at 3.5 mg per 
mL. Cells were then grown for 24-48 hours at normal growth conditions. 
RNA Isolation and RT-PCR 
RNA was isolated using TRIzol Reagent according to the manufacturer’s 
protocol.  RNA was then treated with Turbo DNase in the presence of RNAsin and 
incubated for 1 hour at 37°C to remove contaminating plasmid DNA.  Reactions were 
stopped and purified by phenol-chloroform reactions followed by ethanol precipitation.  
RNA purity was tested by PCR.  DNase treatments were repeated as necessary. 
1 to 3 ug total RNA was reverse transcribed using Superscript III reverse 
transcriptase with random hexamers according to the manufacturer’s protocol.  PCR was 
performed using Taq polymerase.  For amplification of the R/G sequence expressed by 
the U6 promoter, forward primer RG-F-PstI was used.  Sequences expressed by CMV 
promoter were amplified using forward primer PCI-1D.  T-Site-R-KpnI was used as the 
 62 
 
reverse primer in all PCR amplifications.  Reactions were gel purified and sequenced by 
Sanger sequencing. 
Statistical Evaluation 
 All transfections were, at minimum, performed in triplicate with each RT-PCR 
product sequenced three times.  The averages and standard deviations of each 
experimental condition were compared using Student’s T-Test with a p-value of p=0.05. 
Results 
ADAR Directed A-to-I RNA Editing Occurs in RNA Pol III Transcripts 
To determine if RNA Pol III transcripts can undergo A-to-I RNA editing, a 
plasmid was developed to express a known editing target by RNA Pol III.  The R/G 
editing site and complementary editing sequence from GluR-B was cloned into a pBS 
vector downstream of a RNA Pol III promoter (U6) and upstream of an RNA Pol III 
termination site.  This generates a dsRNA molecule 171 nt in length with a double 
stranded hairpin 38 nt long (figure 2.1A).  The R/G editing sequence plus the termination 
sequence were then amplified by PCR and cloned into a pCI vector downstream of an 
RNA Pol II promoter (CMV) to be used as a positive control (figure 2.1B). 
HeLa cells were transiently transfected with either the RNA Pol II or RNA Pol III 
expression vector along with either a constitutively active ADAR1 or ADAR2 expression 
vector, or in the presence of endogenous ADAR activity.  RNA was isolated using 
TRIzol Reagent, purified with DNase and then amplified by RT-PCR.  Sanger 
sequencing showed that the RNA Pol III transcribed R/G editing site underwent A-to-I 
RNA editing (figure 2.1C).  
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A-to-I RNA editing of RNA Pol III transcripts was significantly higher (p=0.05) 
when ADAR2 was overexpressed (50.4% +/- 3.4), in comparison to editing when 
ADAR1 was overexpressed (20.7% +/- 1.2) or in the presence of endogenous ADAR 
activity, (23.9% +/- 3.6).  Editing of RNA Pol III transcripts was not significantly 
different when ADAR1 was overexpressed, relative to editing under endogenous ADAR 
activity.  This indicates A-to-I RNA editing at the R/G site is catalyzed by ADAR2, but 
not ADAR1, when the editing target is transcribed by RNA Pol III. 
The RNA Pol II expressed editing target was most efficiently edited when 
ADAR2 was overexpressed (93.3% +/- 1.3) (figure 2.1D).  This was significantly higher 
(p=0.05) than the amount of editing observed when ADAR1 was overexpressed (63.9% 
+/- 2.2) or in the presence of endogenous ADAR activity (5.5% +/- 0.67).  Editing by 
ADAR1 was also statistically higher than editing in the presence of endogenous ADAR 
activity. 
Comparing editing efficiency based on promoter type showed additional 
differences in editing when ADAR1 or ADAR2 was overexpressed (figure 2.1E).  The 
editing target transcribed by RNA Pol II was more efficiently edited (p=0.05) than its 
RNA Pol III counterpart when either ADAR1 or ADAR2 was overexpressed.  However, 
editing in the presence of endogenous ADAR activity was significantly higher (p=0.05) 
in RNA Pol III transcripts. This suggests that transiently transfected ADAR1 or ADAR2 
genes are differentially regulated relative to endogenous ADAR enzymes. 
Transient transfection of HeLa cells with a known A-to-I RNA editing target 
demonstrates that genes expressed by RNA Pol III can undergo ADAR directed A-to-I 
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RNA editing.  However, editing efficiency varies based on both the promoter type as well 
as the type of ADAR being overexpressed. 
ADAR Type but not Promoter Type Influences Target Expression 
One possible explanation for why editing was higher when ADAR2 was 
overexpressed compared to ADAR1 overexpression is due to differences in expression 
levels of the target gene.  ADAR1, but not ADAR2, overexpression has previously been 
shown to cause an increase in RNA levels of transiently transfected reporter genes 
(Gommans and Maas 2008).  Higher expression of the editing target when ADAR1 is 
overexpressed would shift the substrate-to-enzyme ratio.  This would result in the 
observation of lower editing efficiency when ADAR1 is overexpressed relative to when 
ADAR2 is overexpressed.  
In order to determine if observed differences in A-to-I RNA editing were due to 
differences in the expression level of the target sequence, qRT-PCR was performed 
(figure 2.1F).  Expression levels relative to GAPDH were normalized to target gene 
expression by RNA Pol III in the presence of overexpressed ADAR1.  Expression levels 
were significantly lower (p=0.05) when ADAR1 was overexpressed relative to when 
ADAR2 was overexpressed.  This was observed under both RNA Pol II and RNA Pol III 
expression, indicating that differences in editing of RNA Pol II and RNA Pol III 
expressed targets were not due to differences in target site expression.   
Furthermore, a comparison of expression levels between the two types of 
polymerases when either ADAR1 or ADAR2 was overexpressed showed that expression 
levels were not significantly different.  Thus, while ADAR overexpression but not 
promoter type influenced transcription, higher RNA levels were paired with higher levels 
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of editing.  This means that differences observed in editing were not influenced by 
differences in RNA levels. 
RNA Pol II CTD Influences A-to-I RNA Editing by ADAR1 but not ADAR2 
A key structural difference between RNA Pol II and RNA Pol III is the CTD in 
RNA Pol II.  The C-terminal half of the CTD has previously been shown to regulate post-
transcriptional RNA processing, such as alternative splicing and the addition of the 5’ cap 
(Fong and Bentley 2000).  In addition, the CTD has previously been shown to be 
important in coordinating A-to-I RNA editing by ADAR2 with alternative splicing 
(Laurencikiene et al. 2006, Ryman et al. 2007).  In order to determine if A-to-I RNA 
editing by ADAR1 is influenced by the CTD, two different RNA Pol II expression 
plasmids were used that express either a full length CTD (pAT7Rpb-WT) or a truncated 
CTD (pAT7Rpb-1-25) that lacks heptad repeats 26-52 (Fong and Bentley 2000).  The 
expressed RNA polymerases are resistant to an RNA Pol II inhibitor, α-amanitin.  This 
allows for knock down of endogenous RNA Pol II activity following transient 
transfection. 
Editing analysis indicated that A-to-I RNA editing was unaffected by differences 
in CTD length when ADAR2 was overexpressed (figure 2.2).  This was consistent with 
previous studies showing the CTD does not influence ADAR2 activity at the R/G site 
when splicing is inactive (Ryman et al. 2007).  However, full length CTD reduced A-to-I 
RNA editing (p=0.05) when ADAR1 was over expressed and in the presence of 
endogenous ADAR activity.  This implies that the repression in ADAR1 activity by full 
length CTD, relative to the truncated CTD, is the reason for the difference in editing 
efficiency in the presence of endogenous ADAR activity.  Also, the reduction of editing 
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in the case of ADAR1 overexpression was significant at p=0.05 but not at p=0.025.  This 
indicates that the CTD influence on ADAR1 activity may be only marginal, and would 
potentially not be significant with larger sample sizes.  These experiments also show that 
ADAR editing activity can also occur post-transcriptionally rather than only co-
transcriptionally. 
Discussion 
 ADAR directed A-to-I RNA editing in transcripts expressed by RNA Pol III has 
not been previously shown.  Here a known editing target, the R/G site from GluR-B, was 
expressed under either an RNA Pol II or RNA Pol III promoter.  Editing was evaluated in 
the presence of either ADAR1 or ADAR2 overexpression, or in the presence of 
endogenous ADAR activity.  Editing efficiency was influenced by both polymerase and 
ADAR type.  Furthermore, editing in the presence of either ADAR1 or endogenous 
ADAR activity, but not ADAR2, increased when the CTD of RNA Pol II was truncated. 
The effect on ADAR1 was significant at p=0.05 but not p=0.025.  The lack of difference 
in ADAR2 editing by partial CTD deletion is consistent with previous studies of ADAR2 
that showed no influence by the CTD on editing at the R/G site when splicing was 
disabled (Ryman et al. 2007).  In addition, in editing targets where splicing is enabled, 
ADAR2 activity is only effected by complete deletion of the CTD (Laurencikiene et al. 
2006).   
 My study shows that RNA Pol III transcripts can be A-to-I RNA editing targets.  
It also shows that ADAR1 and ADAR2 have different editing efficiencies when targeting 
the R/G site.  This supports previous work that demonstrated ADAR dependent 
differences in editing efficiency at the R/G site (Lai et al. 1997).  My work expands on 
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this by showing that these ADAR dependent differences in editing efficiency are present 
in RNA Pol III transcripts as well.  Also interesting was that ADAR1 overexpression did 
not increase A-to-I RNA editing in RNA Pol III transcripts beyond editing levels 
observed in the presence of endogenous ADAR activity.  This indicates that ADAR1 
does not target the R/G editing site under RNA Pol III expression.  In order to determine 
if ADAR1 directed editing of all RNA Pol III transcripts is similar, investigation of 
additional targets will be needed. 
 Target gene expression levels were examined to try to account for differences in 
editing.  Since editing was lower when ADAR1 was overexpressed relative to ADAR2 
overexpression, it is possible that the difference could be due to differences in target gene 
expression.  However, while less editing was seen in the presence of ADAR1, less of the 
target RNA was present.  This indicates that editing levels were not influenced by levels 
of target gene expression.  This runs counter to a previous study that showed ADAR1 
overexpression causes an increase in RNA of transiently transfected editing reporter 
genes (Gommans and Maas 2008).  This effect was not observed when the reporter gene 
was genomically integrated.  In addition, ADAR1 knockdown in hESCs resulted in a 
decrease in RNA levels in genes associated with nucleic acid and protein metabolism, but 
an increase in RNA levels in genes associated with neurogenesis and cell differentiation 
(Osenberg et al. 2010).  The basis for these differing effects on RNA levels caused by 
ADAR1 overexpression remains unknown.  
Another interesting observation from the RNA Pol II/Pol III comparison was that 
editing efficiency was lower in RNA Pol III transcripts, but only when ADAR1 or 
ADAR2 was overexpressed.  This dichotomy presents some interesting scenarios as to 
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what may be occurring.  A plausible hypothesis is that endogenous ADARs are typically 
sequestered away from RNA Pol II transcripts but not from RNA Pol III.  However, 
overexpression of ADAR overloads this regulatory mechanism, allowing for greater 
access to RNA Pol II transcripts.  The nucleolus is a potential site of ADAR localization 
that may play this role (Desterro et al. 2005, Sansam et al. 2003, Vitali et al. 2005).  Both 
ADAR1 and ADAR2 have been shown to be able to localize to the nucleolus.  ADAR1, 
but not ADAR2, can be SUMOylated, a post-translational modification associated with 
nucleolar localization (Desterro et al. 2005).  Though nucleolar sequestration was shown 
to be SUMO-independent, SUMOylation did inhibit ADAR1 editing activity.  In 
addition, ADAR2 sequestration to the nucleolus was shown to decrease editing activity 
(Sansam et al. 2003, Vitali et al. 2005).  Thus, sequestration may be one potential 
mechanism regulating ADAR activity. 
 The CTD of RNA Pol II has previously been shown to act as both a scaffold and 
coordinator of post-transcriptional processing of mRNA (Buratowski 2009, Fong and 
Bentley 2000, Hirose and Ohkuma 2007).  While crosslinking experiments have been 
unsuccessful in demonstrating an association between the CTD and either ADAR1 or 
ADAR2, CTD deletion studies demonstrated the role the CTD plays in coordinating 
editing with splicing (Laurencikiene et al. 2006, Nishikura 2010, Ryman et al. 2007).  
This indicates at least a transient relationship between RNA Pol II and ADAR. 
Previous research has shown that the CTD of RNA Pol II influences A-to-I RNA 
editing.  For the R/G site from GluR-B, the CTD was only necessary for highly efficient 
editing if splicing was enabled (Ryman et al. 2007).  In addition, removal of only half of 
the CTD was insufficient in influencing A-to-I RNA editing by ADAR2 (Laurencikiene 
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et al. 2006).  This was supported by CTD-deletion experiments done here that showed no 
difference in A-to-I RNA editing in the presence of either wild-type or truncated CTD 
when ADAR2 was overexpressed.  This was not surprising given the fact that the exon 13 
splice site is inactive in the R/G target gene used for this study.  Taken together, this 
shows that ADAR2 can act independently from the co-transcriptional regulatory activity 
of the RNA Pol II CTD.  This is supported by the presence of A-to-I RNA editing in 
transcripts expressed by RNA Pol III, which lacks a CTD. 
The influence of the CTD on ADAR1 has not previously been demonstrated.    
ADAR1 activity was significantly lower in the presence of wild-type CTD compared to 
the truncated CTD.   However, this difference was only significant at p=0.05.  This 
indicates that this difference may disappear with larger sample sizes.  However, if this 
difference truly is significant, this would be counter to previous studies of ADAR2 
activity which indicated that a partial CTD deletion was insufficient to influence A-to-I 
RNA editing when splicing near the editing site was enabled (Laurencikiene et al. 2006).  
Only full CTD deletion influenced editing by ADAR2, but only in splicing competent 
editing targets (Laurencikiene et al. 2006, Ryman et al. 2007).  This would also indicate 
that ADAR1 and ADAR2 have different sensitivities to regulation by the CTD, and that 
heptads 27-52 of the CTD inhibit ADAR1 activity.  Furthermore, the higher amount of 
A-to-I RNA editing in the presence of endogenous ADAR activity due to partial CTD 
deletion would be attributed to an increase in ADAR1 activity.  This conclusion was 
reached with the observation that ADAR1 but not ADAR2 activity increased with the 
partial CTD deletion. 
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A-to-I RNA editing has not been previously shown in RNA Pol III transcripts.  
Using a known editing target expressed under an RNA Pol III promoter, this species of 
RNA was shown to be targeted by A-to-I RNA editing.  Comparisons of editing 
efficiency demonstrated that although RNA Pol III transcripts can undergo A-to-I RNA 
editing, editing efficiency was lower than when the same target was expressed by RNA 
Pol II.  In addition, editing in the presence of ADAR2 was higher than in the presence of 
ADAR1.  Finally, partial deletion of the RNA Pol II CTD showed that editing occurs 
post-transcriptionally rather than only co-transcriptionally. 
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Primer Primer Sequence 
U6-F ACGAGGATCCAAGGTCGGGCAGGAAGAGGGCC 
U6-R GTAACTGCAGGTGTTTCGTCCTTTCCACAAG.   
Termination-F-
Oligo 
AGCTTGACCATGGATTACATATGATCGACAGACTAGGTACGACG
ATACTAGCGTTTTGAC 
Termination-R-
Oligo 
TCGAGTCAAAACGCTAGTATCGTCGTACCTAGTCTGTCGATCATA
TGTAATCCATGGTCA 
RG-F-PstI ATATCTGCAGCCTGGATTCCAAAGGCTATGGC 
RG-R-HindIII ATATAAGCTTAAGATACATCAGGGTAGGTGGG. 
RG-F-EcoRI AAGAATTCCCTCGATTCCAAAGGCTATGGC 
RPBS TTGTAATACGACTCACTATAGG 
PCI-1D CACAACAGTCTCGAACTTAAGC 
T-Site-R-KpnI CTAGAGGTACCGTATCGTCGTACCTAGTCTGTCG 
 
Table 1- Table of Primers 
 
.  
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Figure 2.1 – The R/G site from GluR-B is an A-to-I RNA editing target when expressed 
by RNA Pol III.  A) The R/G editing site from GluR-B is displayed.  The editing site (red 
circle) is in the last codon of exon 13 (bold text).  The hairpin forms a dsRNA region 
(Lines) 38 nucleotides in length with a 5 nucleotide loop.  B) The general structure of the 
R/G expression vector.  Expression vectors varied by promoter used to express the 
editing target by either RNA Pol II (CMV) or RNA Pol III (U6).  C)  Comparison of A-
to-I RNA editing in RNA Pol III transcripts in the presence of overexpressed ADAR1, 
ADAR2 or endogenous ADAR activity.  D)  Comparison of A-to-I RNA editing in RNA 
Pol II transcripts in the presence of overexpressed ADAR1, ADAR2 or endogenous 
ADAR activity. E)  Polymerase dependent comparison of editing based on ADAR1 or 
ADAR2 overexpression, or endogenous ADAR activity.  F)  qRT-PCR results relative to 
GAPDH were normalized to expression by RNA Pol III in the presence of overexpressed 
ADAR1.  This displays expression levels of the R/G editing target based on both 
promoter type and ADAR overexpression.  
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Figure 2.2.  The influence of the RNA Pol II CTD on ADAR function.  RNA Pol II 
containing full length (CTD-WT) or a truncated CTD (CTD-1-25) was used to express 
the R/G editing target in HeLa cells.  Editing was evaluated in the presence of 
overexpressed ADAR1 or ADAR2, or in the presence of endogenous ADAR activity. 
  
 74 
 
 
 
 
 
 
Chapter 3 
Transcriptionally Active Alu Elements Are A-to-I RNA 
Editing Targets  
 75 
 
 
Introduction 
 A-to-I RNA editing is a post-transcriptional modification that targets double 
stranded RNA molecules.  Alu elements are primate specific repetitive elements present 
in over 1 million copies in the human genome.  Due to their high copy number, Alu 
elements are often expressed as inverted pairs within pre-mRNA, allowing formation of a 
double stranded structure that is permissive for ADAR binding and subsequent editing.  
As such, Alu elements constitute major editing targets when embedded within pre-mRNA 
molecules (Athanasiadis et al. 2004, Peng et al. 1012).  Not only are Alu elements highly 
targeted as editing substrates, but they can be edited at multiple adenosines (Athanasiadis 
et al. 2004, Osenberg et al. 2010).   
These editing events can have important regulatory implications on gene 
expression.  Editing within an embedded Alu element present in intron 8 of nuclear 
prelamin-A recognition factor, NARF, results in the creation of an alternatively spliced 
Alu exon (Lev-Maor et al. 2007).  Within the 3’ UTR, promiscuous editing in Alu 
elements can result in a decrease in translation via a nuclear retention mechanism that 
targets highly edited RNA substrates, and can lead to cleavage by Tudor-SN (Chen et al. 
2008, Chen and Carmichael 2009, Scadden 2005, Scadden 2007).   Furthermore, editing 
in Alu elements within the 3’ UTR can both create and destroy miRNA target sites 
(Borchert et al. 2009). 
In addition to being expressed embedded within mRNA molecules, Alu elements 
can also be expressed via their own internally located promoter elements (Chu et al. 
1995, Li and Schmid 2001, Roy et al. 2000).  These A-box and B-box promoter elements 
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allow for expression via RNA Pol III (Kenneth et al. 2008).  Alu elements expressed in 
such a way are termed transcriptionally active Alu elements, or transcribed Alu elements 
(Li and Schmid 2001).  Transcriptionally active Alu elements are the source for Alu 
retrotransposition (Bennett et al. 2008, Britten et al. 1988, Dewannieux et al. 2003). 
Additionally, transcribed Alu elements have been shown to have cell stress response-like 
behaviors (Mariner et al. 2008, Wagner et al. 2010).  They associate with RNA Pol II 
following heat shock, leading to decreased transcription of non-cell-stress response 
related genes.  Transcribed Alu elements have also been shown to associate with the 
ribosome both independently or in complex with SRP9/14 subunit of the SRP (Hasler and 
Strub 2006, Rubin et al. 2002).  These associations result in altered translation rates.  The 
role of Alu elements during cell stress is supported by the finding that Alu expression 
increases following various types of cell stress (Li and Schmid 2001, Liu et al. 1995, 
Panning and Smiley 1995, Rudin and Thompson 2001). 
Editing in inverted Alu pairs is prevalent when embedded within mRNA 
(Athanasiadis et al. 2004, Peng et al. 1012, Osenberg et al. 2010).  However, A-to-I RNA 
editing in transcriptionally active Alu elements has not been demonstrated.  A-to-I RNA 
editing may be inhibited by factors such as the type of polymerase responsible for 
transcription and an inability to transcribe the inverted Alu element for a number of 
reasons.  Chief among these is the commonality of RNA Pol III transcription terminators, 
which are typically encoded as four or five consecutive thymine nucleotides (Chu et al. 
1995, Chu et al. 1997, Gunnery et al. 1999).  Although RNA Pol III termination sites are 
not 100% efficient, their presence between two inverted Alu elements could limit dsRNA 
formation by preventing inclusion of the inverted Alu element within RNA Pol III 
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transcripts.  In addition, Alu elements contain two poly-A regions, a central poly-A track 
and a 3’ poly-A tail (Batzer et al. 1996).  When inverted, these regions are encoded as 
poly-T regions and could potentially behave as RNA Pol III termination sites, further 
limiting dsRNA formation. 
To date, all published research on A-to-I RNA editing within Alu elements has 
focused on embedded Alu elements within mRNA and pre-mRNA.   Here, I use Alu 
expression vectors to investigate transcribed Alu elements for their potential to undergo 
A-to-I RNA editing.  In addition, I conduct a brief survey of structural characteristics 
necessary for editing to occur in these transcripts.  Key amongst these structures are 
potential termination sites within the inverted Alu element.  I show that Alu elements 
expressed by RNA Pol III can undergo A-to-I RNA editing, and that editing is dependent 
on the presence of an inverted Alu element within the RNA molecule. 
Methods and Materials 
Plasmid Construction 
Alu elements expressed by RNA Pol III used the RNA Pol III expression 
backbone pBS-U6-Term.  The Alu element with gene accession number AF344193 was 
used as the target sequence, and was amplified by PCR using nested primers (Li and 
Schmid 2001).  The first PCR used forward primer TarAlu-F1, the second PCR used 
forward primer TarAlu-F-PstI, which contains a PstI restriction site (Table 3.1).  Reverse 
primer TarAlu-R-HindIII containing a HindIII restriction site was used in both reactions.  
These restriction sites were used to ligate the sequence in pBS-U6-Term to make pBS-
U6-Alu-Term.  The Inverted Alu element was amplified by PCR using nested primers.  
The first PCR used forward primer InvAlu-F1 and reverse primer InvAlu-R1.  The 
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second PCR used reverse primer InvAlu-R-KpnI, containing a KpnI restriction site.  
Forward primers InvAlu-F2T and InvAlu-F2dT were used for amplifying the inverted 
Alu element for vector pBS-U6-Alu-Term-ulA and pBS-U6-Alu-Term-ulA∆T, 
respectively.  These contained XhoI restriction sites.  To make pBS-U6-Alu-ulA and 
pBS-Alu-ulA∆T, the termination sequence was removed by two rounds of site-directed 
mutagenesis.  The first SDM reaction used primers SDMF1 and SDMR1.  The second 
SDM used primers SDMF2 and SDMR2. 
RNA Pol II expression vectors used plasmid pCI.  pBS-U6-Alu-Term, pBS-U6-
Alu-Term-ulA, and pBS-U6-Alu-Term-ulA∆T were used as PCR templates to make the 
insert for pCI-Alu, pCI-Alu-ulA and pCI-Alu-ulA∆T, respectively.  Forward primer 
PBSAlu-F-Eco and reverse primer RPBS were used.  EcoRI and KpnI restriction sites 
were used to ligate the sequence into pCI downstream of the CMV promoter. 
Cell Culture and Transfections 
HeLa cells were grown to 50% confluence on 6 well plates in growth media 
containing minimal essential media, 10% fetal bovine serum, and 1x antimycotic 
solution.  Cells were grown at normal growth conditions at 37° C with 5.0% CO2 and 
88% humidity.  Transfections were performed in 3.5 cm wells using Superfect reagent 
according to the manufacturer’s protocol.  Transfections used 1 ug of the target sequence 
expression vector and 1ug of pEX-ADAR1, pEX-ADAR2, or no additional plasmid per 
well.  Transfection proceeded for 3 hours at normal growth conditions. Cells were 
washed with 1x PBS, then incubated at normal growth conditions for 36-48 hours.  
RNA Preparation and RT-PCR 
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RNA was isolated using TRIzol Reagent according to the manufacturer’s 
protocol.  1 mL of TRIzol Reagent was used per well.  Isolated RNA was treated with 
Turbo DNase for 1 hour at 37°C  to remove contaminating DNA.  Reactions were 
stopped and purified by phenol-chloroform purification followed by ethanol precipitation.  
RNA purity was tested by PCR.  DNase treatments were repeated as necessary. 
RNA was reverse transcribed using Superscript III reverse transcriptase and 
primed random hexamers.  Between 1 and 3 ug of RNA was used per reaction.  Alu 
elements expressed by pBS-U6-Alu and pCI-Alu expression vectors were amplified using 
forward primer 93-1D-Eco or PCI-1D, respectively.  Reverse primer T-Site-R-Kpn was 
used in each reaction.  Inverted Alu pairs expressed by RNA Pol III or RNA Pol II were 
amplified using forward primers 93-1D-Eco or PCI-1D or, respectively and reverse 
primer I-Site-R-Kpn.  All PCR amplicons were purified by gel electrophoresis and were 
sequenced using Sanger sequencing method.  
Subcloning and Blue/White Colony Screen 
PCR amplicons were digested with EcoRI and KpnI and were ligated into pBS 
vector.   Ligations were then transformed into z-competent cells and plated on LB-
ampicillin plates containing x-gal for blue/white colony selection.  Plates were grown 
overnight at 37°C.  White colonies were selected and inoculated into LB media 
containing 100 ug/mL ampicillin and grown overnight at 37°C.  Plasmids were then 
isolated using Qiagen Miniprep kit, and inserts were sequenced by Sanger sequencing 
using a primer for the T7 promoter. 
Results 
A single Alu element is insufficient for A-to-I RNA editing 
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 A single Alu transcript is able to take on a relatively conserved secondary 
structure that contains some double stranded characteristics (Bennett et al. 2008, Hasler 
and Strub 2006, Huck et al. 2004, Mariner et al. 2008).  However, comprehensive 
analysis of A-to-I RNA editing in an RNA transcript containing a single Alu element has 
not been published.  To determine if a single Alu element is sufficient to behave as an A-
to-I RNA editing substrate, expression vectors were designed to express a single Alu 
element under either an RNA Pol II (CMV) or RNA Pol III (U6) promoter (figure 
3.1A,B.).  These expression vectors were termed pCI-Alu and pBS-U6-Alu-Term, 
respectively.  These were co-transfected into HeLa cells with either constitutively active 
ADAR1 or ADAR2 genes, or no additional ADAR. 
RT-PCR products were sequenced by Sanger sequencing.  Initial 
electropherograms did not reveal any evidence of A-to-I RNA editing (Figure 3.2).  Since 
editing analysis by Sanger sequencing has a lower sensitivity threshold between 10% to 
15% editing, all amplicons were subcloned into pBS vector for blue/white colony 
screening and miniprep extraction to allow for single sequence analysis (Luciano et al. 
2004).  100 subcloned sequences of each sample were individually sequenced.  No 
editing was observed regardless of either promoter type or presence of additional ADAR1 
or ADAR2.  This shows that a single Alu element is not targeted by A-to-I RNA editing. 
Development of inverted Alu expression vectors 
 Inverted Alu elements embedded within mRNA are commonly edited at multiple 
adenosines, and represent major A-to-I RNA editing targets in the human transcriptome 
(Athanasiadis et al. 2004, Peng et al. 2012).  To determine if inverted Alu pairs expressed 
by RNA Pol III can be targets of A-to-I RNA editing, four different RNA Pol III Alu 
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expression vectors were designed (Figure 3.1A).  Using pBS-U6-Alu-Term as a starting 
point, an Alu element was ligated into the vector downstream of the termination site in an 
inverted orientation relative to the direction of gene expression.  There were two 
variations of the inverted Alu element that were inserted into the vector.  RNA Pol III 
termination sites are encoded as four consecutive thymines (Chu et al. 1995, Chu et al. 
1997, Gunnery et al. 1999).  When inverted, the poly-A tail of the inverted Alu element 
would be encoded as a run of thymines, and could potentially behave as a termination site 
(Batzer et al. 1996).  Due to this possibility, the inverted Alu element either included or 
did not include (∆T), the poly-A-tail.  These vectors were termed pBS-U6-Alu-Term-ulA 
and pBS-U6-Alu-Term-ulA∆T, respectively.  
Due to the design strategy used to construct these vectors, an RNA Pol III 
termination site was present between the two inverted Alu elements.  Though RNA Pol 
III termination sites are not always 100% efficient, the efficiency of this termination site 
had not been tested.  In order to eliminate the impact this transcription termination site 
could have on expression, site directed mutagenesis was used to destroy the termination 
site.  These expression vectors were termed pBS-U6-Alu-ulA and pBS-U6-Alu-ulA∆T.   
Vectors pBS-U6-Alu-Term-ulA and pBS-U6-Alu-Term-ulA∆T were used as 
templates to amplify the inverted Alu pairs by PCR.  The amplified Alu pairs were then 
subcloned into pCI vector downstream of the CMV promoter to generate comparable Alu 
expression vectors dependent on RNA Pol II transcription (figure 3.1B).  These were 
named pCI-Alu-ulA and pCI-Alu-ulA∆T.  Only two of these expression vectors were 
made because RNA Pol III termination sites are not recognized as termination sites by 
RNA Pol II. 
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Inverted Alu elements expressed by RNA Pol III undergo A-to-I RNA Editing 
 The inverted Alu expression vectors were co-transfected into HeLa cells with 
expression vectors overexpressing either ADAR1 or ADAR2, or were expressed in the 
presence of endogenous ADAR activity.  Both pBS-U6-Alu-Term-ulA and pBS-U6-Alu-
Term-ulA∆T failed to transcribe beyond the termination site (figure 3.1C).  This was 
confirmed by comparison of RT-PCR products using reverse primers located either 
immediately upstream (T-Site-R-Kpn) or immediately downstream (I-Site-R-Kpn) of the 
termination site.  Sanger sequencing and single transcript analysis showed no evidence of 
A-to-I RNA editing (figure 3.2).  Lack of editing here was not unexpected given the 
absence of the inverted Alu element within the RNA transcripts.   
The absence of the termination site in pBS-U6-Alu-ulA and pBS-Alu-ulA∆T 
allowed for expression of longer transcripts (figure 3.1c).  Sanger sequencing was used to 
observe A-to-I RNA editing in targets expressed by either vector (figure 3.2 and figure 
3.3).  The number of edited sites in pBS-U6-Alu-ulA in the presence of ADAR1, ADAR2 
or endogenous ADAR was 24, 23, and 18, respectively, out of 42 total adenosines.  For 
pBS-Alu-ulA∆T, the number of edited sites was 20, 23, and 15 edited adenosines out of 
42 total.   The number of total edited sites in each of the RNA Pol III expression 
constructs was comparable to positive controls expressed by pCI-Alu-ulA, 21, 26, 18, and 
pCI-Alu-ulA∆T, 20, 25, 18.  While there were some differences in the total number of 
edited sites observed, it is possible that the 15% editing threshold used to differentiate G-
peaks from background noise in the electropherogram could have led to an 
underrepresentation of the actual number of editing sites.  This may be especially true 
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when observing editing in the presence of endogenous ADAR activity, where observed 
editing events were often very near to this minimum threshold value.    
This shows that Alu elements expressed by RNA Pol III undergo promiscuous A-
to-I RNA editing when an inverted Alu element is present in the transcript.  Also, the 
amount of editing was comparable to that observed in RNA Pol II expressed inverted Alu 
pairs. 
Discussion 
 The goal of these experiments was to first determine if Alu elements expressed by 
RNA Pol III could undergo A-to-I RNA editing, and to then determine structural 
characteristics necessary for editing to occur in these situations.  This was done using 
HeLa cells transfected with vectors that express Alu elements either by RNA Pol II or 
RNA Pol III.     
Although a single Alu element is able to take on a secondary structure containing 
some double stranded regions, a single Alu element alone is insufficient to enable A-to-I 
RNA editing.  This was observed regardless of the type of polymerase responsible for 
transcription as well as whether ADAR1 or ADAR2 was overexpressed.  In addition, the 
pBS-U6-Alu-Term-ulA and pBS-Alu-Term-ulA∆T constructs, which also do not express 
the inverted Alu element, showed no editing.  This supports the hypothesis that a single 
Alu element is insufficient to form an A-to-I RNA editing substrate.  
Expressed inverted Alu pairs undergo A-to-I RNA editing at multiple adenosines 
when expressed by RNA Pol III.  This was observed in the presence of overexpressed 
ADAR1, ADAR2 or endogenous ADAR activity.  Promiscuous editing within inverted 
Alu elements expressed by RNA Pol III was similar to levels observed under RNA Pol II 
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expression.  Both results were consistent with previous research investigating editing 
within inverted Alu elements embedded within mRNA (Athanasiadis et al. 2004, Peng et 
al. 2012, Osenberg et al. 2010).  These results indicate that it is the structure of the 
editing substrate rather than the transcriptional mechanism that is important for the 
development of promiscuous A-to-I RNA editing patterns.    
The design of the inverted Alu expression vectors had two purposes.  The first 
was to enable the study of structural elements necessary for A-to-I RNA editing in 
transcriptionally active Alu elements.  The other was to evaluate specific sequences in the 
inverted Alu element that may potentially behave as RNA Pol III termination sites.  RNA 
Pol III termination sequences are encoded as a minimum of four consecutive thymine 
nucleotides (Chu et al. 1995, Chu et al. 1997, Gunnery et al. 1999).  Alu elements contain 
two poly-A regions that are encoded as poly-T regions when inverted, potentially 
behaving as RNA Pol III termination sites (Batzer et al. 1996). Importantly, neither the 
central poly-A track nor the poly-A tail of the inverted Alu element behaved as a 
transcription termination site.  This can be inferred from the presence of edited 
nucleotides in the target Alu element expressed by U6-Alu-ulA and pBS-Alu-ulA∆T, in 
conjunction with the analysis of editing within a single Alu element demonstrating that 
the presence of the inverted Alu element within the RNA molecule was necessary for 
editing.  This is significant because it indicates a greater likelihood for expression of the 
entire inverted Alu repeat when the forward Alu element is transcribed by RNA Pol III.  
This increases the probability of A-to-I RNA editing within transcriptionally active Alu 
elements expressed in vivo.  
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The observation that Alu elements expressed by RNA Pol III can be highly edited 
at multiple locations may be significant in relation to a number of mechanisms.  These 
include retrotransposition, the known roles of transcriptionally active Alu RNA, and 
regulation of promiscuously edited RNA molecules.  In a broad sense, Alu 
retrotransposition and Alu RNA functional activities are dependent on both the Alu 
sequence and secondary structure (Bennett et al. 2008, Hasler and Strub 2006, Mariner et 
al. 2008, Rubin et al. 2002, Wagner et al. 2010).  A-to-I RNA editing is a mechanism that 
changes the RNA sequence, and alters the secondary structure present within the RNA 
molecule.  Editing in Alu RNA could potentially behave as a regulatory mechanism 
impacting the different processes that Alu RNA is involved in.   For example, A-to-I 
RNA editing could affect Alu retrotransposition rates by changing the binding affinity of 
Alu elements to SRP9/14, an interaction thought to be necessary for Alu 
retrotransposition (Bennett et al. 2008, Sarrowa et al. 1997).  Additionally, A-to-I RNA 
editing would change the Alu sequence prior to retrotransposition, thereby altering the 
sequence of the newly transposed Alu element from its parent gene.  Such changes could 
influence other downstream mechanisms such as DNA methylation at CpG dinucleotides 
present within the Alu element.  These relationships between transcriptionally active Alu 
elements and A-to-I RNA editing will be explored in more detail in the closing chapter of 
this dissertation. 
.     
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Primer Primer Sequence 
TarAlu-F1 GAC TTCTAAAGGA AGCAGCATGG 
TarAlu-F-PstI ATCTGCAG GGCCGGGTGCAGTGGCTCACTCC 
TarAlu-R-HindIII ATAAGCTT GCACTTTTTGTTTTTTTTGAGA 
InvAlu-F1 ATCTGCAG GGCCGGGTGC AGTGGCTCACTCC 
InvAlu-F2T ATCTCGAGGCATCTCGATATCTGAGACATGTTTTTTTTTTCTTAAATGTATCC 
InvAlu-F2dT ATCTCGAGGCATCTCGATATCTGAGACATGGAGACGGAGTCTCGCAGTCACC 
InvAlu-R1 GAATTGTATTGAGAATGCACTGG 
InvAlu-R-KpnI ATGGTACCGAATTGTATTGAGAATGCACTGG 
SDMF1 CGACGATACTAGCGATTTGACTCGAGGCATCTCG 
SDMR1 CGAGATGCCTCGAGTCAAATCGCTAGTATCGTCG 
SDMF2 CGACGATACTAGCGAGTTGACTCGAG 
SDMR2 CGAGATGCCTCGAGTCAACTCGCTAG 
PBSALU-F-Eco ATGAATTCGGCCGGGTGCAGTGGCTCACTCC 
RPBS TTGTAATACGACTCACTATAGG 
93-1D GCACTTTGGGAGGCTGAGGCAAGTAG 
93-1D-Eco GGAATTCGCACTTTGGGAGGCTGAGGCAAGTAG 
PCI-1D CACAACAGTCTCGAACTTAAGC 
T-Site-R-KpnI CTAGAGGTACCGTATCGTCGTACCTAGTCTGTCG 
I-Site-R-KpnI ATGGTACCCATGTCTCAGATATCGAGATGC 
Table 3.1- Table of Primers 
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Figure 3.1 – Design and Expression of Alu Expression Vectors.  A)  RNA Pol III 
expression vectors were built on a pBS vector backbone and used a U6 promoter to drive 
expression of the target Alu sequence.  The RNA Pol III specific termination site is 
encoded by four consecutive thymines, and is preceded by the primer site for T-Site-R-
Kpn.  Inverted Alu pairs have a second primer site for primer I-Site-R-Kpn located 
between the termination site and the inverted Alu element.  B)  RNA Pol II expression 
vectors were built on a pCI vector backbone and used a CMV promoter to drive 
expression.  A short intronic sequence is located upstream of the target Alu.  The 
termination site for RNA Pol III transcription is present but is not recognized by RNA 
Pol II.  Two of the RNA Pol III expression vectors and one of the RNA Pol II expression 
vectors have had the poly-A tail region removed (∆T) from the inverted Alu element.  
This region is encoded as poly-T when inverted and potentially behaves as an RNA Pol 
III termination site.  C)  RT-PCR of RNA expressed by the different expression vectors.  
The presence of the termination site inhibits expression of longer transcripts by RNA Pol 
III.  pCI-Alu-ulA and pBS-U6-Alu-Term-ulA plasmids were used as positive controls. 
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Figure 3.2 – Summary of A-to-I RNA editing observed in Alu RNA.  42 total adenosines 
were evaluated in each Alu element in the presence of overexpressed ADAR1, ADAR2, 
or endogenous ADAR activity.  Electropherograms were initially inspected for A/G 
double peaks indicative of A-to-I RNA editing.  Alu RNA expressed by pBS-U6-Alu-
Term, pCI-Alu, pBS-U6-Alu-Term-ulA, and pBS-U6-Alu-Term-ulA∆T were also 
inspected on a single transcript basis in 100 subcloned sequences each.   
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Figure 3.3 – Editing Analysis of Inverted Alu repeats expressed by RNA Pol II and RNA 
Pol III.   42 adenosine nucleotides in the target sequence were inspected for the presence 
of A/G double peaks in their electropherogram.   A 15% lower threshold was used to 
differentiate A-to-I RNA editing from background. 
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Chapter 4 
Transcriptionally Active Alu Elements Undergo Basal 
Level A-to-I RNA Editing In Vivo  
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Introduction 
A-to-I RNA editing is a post transcriptional RNA modification that targets 
dsRNA.  The reaction is catalyzed by the ADAR family of proteins, and the resulting 
inosine is interpreted as guanosine by other cellular machinery.  Editing displays both 
spatial and temporal differences within an organism (Athanasiadis et al. 2004, Gan et al. 
2006, Kawahara et al. 2003, Nicholas et al. 2010).  In general, ADAR activity is higher in 
more developmentally complex tissues (Athanasiadis et al. 2004, Gan et al. 2006).  In 
humans, A-to-I RNA editing is most active in the brain.  Temporal differences in editing 
are also present, and can vary on a gene to gene basis within the same tissue (Nicholas et 
al. 2010).  For example, Gabra-3 encodes for the alpha-3 subunit of the GABA receptor 
in the brain.  In human cortex, editing levels in Gabra-3 are unaffected by age.  This is in 
contrast to editing observed in CYFIP2, which is involved in neuronal development and 
maintenance.  CYFIP2 displays an age dependent decrease in A-to-I RNA editing in 
human cortex, demonstrating a gene specific temporal influence on editing activity.   
Alu elements have been shown to be highly targeted for A-to-I RNA editing when 
embedded within larger mRNA molecules (Athanasiadis et al. 2004, Peng et al. 2012).  
The high editing levels in Alu elements is due in large part to their high copy number in 
the human genome (Athanasiadis et al. 2004, IHGHC 2001, Sela et al. 2007).  Their 
commonality often results in two oppositely oriented Alu elements being expressed 
within a single transcript. This allows dsRNA to form, enabling ADAR binding and 
subsequent editing.  
Alu elements are composed of a left and right arm separated by a central poly-A 
track and ending in a poly-A tail (Batzer et al. 1996).  The presence of A-box and B-box  
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RNA Pol III promoter elements in the Alu left arm enables Alu transcription by RNA Pol 
III (Chu et al. 1995, Dieci et al. 2007, Li and Schmid 2001, Roy et al. 2000).  These Alu 
elements are termed transcriptionally active Alu elements or transcribed Alu elements (Li 
and Schmid 2001).  Their expression increases following viral infection, onset of cancer 
or disease, or following cell exposure to DNA damaging reagents (Li and Schmid 2001, 
Liu et al. 1995, Panning and Smiley 1995, Rudin and Thompson 2001).  Indeed, 
transcribed Alu elements expressed in response to cell stress associate with both RNA 
Pol II and the ribosome, thereby influencing expression of target genes in trans (Hasler 
and Strub 2006, Mariner et al. 2008, Rubin et al. 2002, Wagner et al. 2009).   
Transcriptionally active Alu elements have also been implicated as the source of 
newly retrotransposed Alu elements (Bennett et al. 2008, Britten et al. 1988, 
Dewainnieux et al. 2003).  Due to their evolutionary relationship the 7SL RNA from the 
SRP, they are able to associate with the SRP9/14 SRP subunit (Bennett et al. 2008, Huck 
et al. 2004,Sarrowa et al. 1997).  SRP9/14 helps facilitate Alu retrotransposition by 
shuttling Alu elements to the ribosome, where they can then complex with ORF2p.  
ORF2p is a reverse transcriptase encoded by the L1 repetitive element and is responsible 
for Alu retrotransposition (Feng et al. 1996, Mathias et al. 1991).  Though ORF2p 
typically binds its own mRNA, transcriptionally active Alu elements are able to supplant 
L1 mRNA via a template switching mechanism, enabling Alu retrotransposition (Esnault 
et al. 2000, Kroutter et al. 2009, Kulpa and Moran 2005, Wei et al. 2001).    
Alu elements are highly involved in epigenetic regulation.  Alu elements are 
enriched for CpG dinucleotides, and as such often constitute CpG islands (Cho et al. 
2007, Kang et al. 2006).  CpG islands can be targeted for DNA methylation, a catalyzed 
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base modification that results in reduced expression of nearby genes.  In addition, 
nucleosome mapping showed that nucleosomes preferentially associate with Alu 
elements, and that this preference is mediated by interactions between the histone core 
complex and CpG dinucleotides present in Alu elements (Bettecken et al. 2011, Tanaka 
et al. 2010).  Since inosine is interpreted as guanosine, A-to-I RNA editing in 
retrotransposably active Alu RNA has the potential to generate new CpG dinucleotides 
prior to Alu retrotransposition.  
Here, I investigate transcriptionally active Alu elements for evidence of A-to-I 
RNA editing in humans in vivo.  A filter system was employed to screen for 
transcriptionally active Alu elements that are likely to be editing targets.  RNA derived 
from human brain and spleen from multiple individuals was probed for editing within the 
selected Alu elements.  One brain sample showed evidence of basal level A-to-I RNA 
editing.    Editing at a single site within the Alu element was preferentially edited relative 
to other adenosines within the Alu element.   Also, editing resulted in the generation of 
CpG dinucleotides in the Alu RNA that were absent from the genomic sequence.  A-to-I 
RNA editing was not observed in this Alu element in other tissue samples, nor was it 
observed in other Alu elements investigated.  I hypothesize that A-to-I RNA editing 
could have a significant impact on the sequence of Alu elements that are able to 
retrotranspose. 
Methods and Materials 
DNA and RNA 
DNA and RNA used for in vivo analysis was obtained from Biochain Inc. as a matched 
set product called Dr. P Set.  Dr. P Sets derived from three brain tissue donors and one 
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spleen donor were used for the analysis.  RNA was treated with DNaseI to ensure 
complete removal of genomic DNA. 
PCR and RT-PCR 
3 ug of RNA was reverse transcribed using Superscript III reverse transcriptase 
according to manufacturer’s protocol.  For each selected Alu element PCR was 
performed using successive PCR reactions.  Primary and nested primer sets were 
designed for Alu-344192, Alu344193 Alu 344196, Alu517a,  and Alu 517b  (Table 3).   
Samples were purified by phenol/chloroform reaction followed by ethanol precipitation.  
PCR amplicons were gel purified on a 4% agarose gel using QIAEX II gel extraction kit, 
and were sequenced by the Sanger sequencing method. 
Subcloning, Blue/White Colony Screen, and Sequence Analysis 
PCR amplicons were cut using either EcoRI and KpnI (Alu-93 and Alu -96) or 
PstI and BamHI (Alu-92, Alu517a, Alu517b) and were ligated into pBS vectors using T4 
ligase.  Samples were then transformed into bacteria and spread on agar plates containing 
100 ng/mL Ampicillin and 4 uL/mL Gal-X solution for blue/white colony screening.  
White colonies were selected to inoculate LB media containing 100ng/mL Ampicillin 
and were incubated overnight at 37°C.  Plasmids were isolated using Qiagen Mini-prep 
kits, and were sequenced by Sanger sequencing method using a T7 primer.  Sequences 
were aligned and compared using Seqman.   
Statistical Evaluation 
 The comparison of the number of mismatches by position was performed using a 
Χ
2
-Test with a p-value of p = 0.001.  The expected value for this test was determined 
using the formula described by Luciano et al., 2001, for calculating an number of 
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mismatches, or errors, to be expected based the experimental procedure.  This error rate 
uses the equation E=A*B + A*C*D, where E is the expected error, A is the number of 
adenosine nucleotides, B is the error rate of the reverse transcriptase, C is the error rate of 
Taq Polymerase, and D is the number of PCR cycles (Luciano et al. 2001).  For 
comparison of mismatches by position, Χ2-Test was also used with a p-value of p = 
0.005.  The expected frequency was determined by averaging the total number of A/G 
mismatches across all adenosines in which A/G mismatches had occurred. 
Results 
Alu Identification 
A literature search identified 87 Alu elements previously shown to be 
transcriptionally active (Li and Schmid 2001, Gu et al. 2009, Borchert et al. 2006).  These 
Alu elements were inspected using the UCSC genome browser.  They were then 
subjected to a series of manual filters in order to reduce the number of Alu elements 
investigated to those most likely to undergo A-to-I RNA editing, and to eliminate Alu 
elements that would be experimentally difficult to study (figure 4.1).  The first filter 
removed Alu elements if they shared a genomic region with a known gene that is in the 
sense orientation relative to the direction of Alu transcription.  This filter ensured that any 
editing observed would be derived from RNA Pol III transcripts and not from the 
embedded Alu sequence.  A second filter searched sequences 3kb downstream of the Alu 
element, and removed those that did not contain an inverted Alu element within that 
region.  This filter removed Alu elements that are unable to form the dsRNA secondary 
structure that is necessary for A-to-I RNA editing to occur.  A final filter eliminated any 
Alu elements that lacked unique DNA sequence between the inverted Alu elements.  Due 
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to the repetitive nature of Alu elements, this filter was necessary to ensure amplification 
of the specific target Alu element using an RT-PCR protocol.   
This filter process narrowed the number of potentially edited Alu elements down 
to five.  Two Alu elements, Alu-517a and Alu-517b, were located upstream of, and are 
responsible for the expression of, miRNAs 517a and 517b  (Borchert et al. 2006).  The 
other 3 Alu elements, with the gene accession numbers AF314492 (Alu-92), AF314493 
(Alu-93), and 314496 (Alu-96), were previously identified by cDNA cloning and primer 
extension analysis (Li and Schmid 2001).   
Alu-93 is from the AluY family and has an inverted Alu element from the AluSx 
family located downstream and separated by 727 nucleotides (figure 4.2A).  Alu-96 is 
from the AluS family and has an inverted Alu element from the AluS family located 1543 
nucleotides downstream  (figure 4.2B).  These Alu elements were amplified by RT-PCR 
using nested primers designed such that the reverse primer was located downstream of 
the first canonical RNA Pol III termination site, encoded as four consecutive thymines. In 
total, 3 brain tissue samples and 1 spleen sample were used as RNA sources for editing 
analysis.  Donor information was unavailable for the first brain sample.  All other donors 
were males ages 34 and 82 for the other two brain tissue samples, and age 74 for the 
spleen sample.  Only Alu-93 and Alu-96 were successfully amplified by RT-PCR.  Alu-
92, Alu-517a, and Alu517b were not successfully amplified using either standard or 
modified RT-PCR procedures.   
Alu-93 undergoes basal level A-to-I RNA Editing 
 Amplification of Alu-93 yielded a PCR product 375 nucleotides in length.  The 
genomic sequence of Alu-93 is 179 nucleotides in length between the beginning of the 
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central-A track and the end of the poly-A tail.  57 total adenosine nucleotides are present, 
with 14 adenosines located in the central-A track, 30 adenosines in the right-arm 
excluding the two poly-A regions (RAX-A), and 13 adenosines present in the poly-A tail.  
Due to primer design and difficulties derived from inefficient sequencing of the central-A 
track, only the right arm of Alu-93 was inspected for A-to-I RNA editing.   
Sanger sequencing of the initial RT-PCR product of Alu-93 did not reveal any 
evidence of A-to-I RNA editing.  Since Sanger sequencing cannot accurately measure 
editing below 10%, a single transcript analysis protocol was used to gain more detailed 
information.  In total, 196 subcloned sequences from brain donor-1 were analyzed, and 
total nucleotide mismatches (N/N) between gDNA and cDNA were recorded (figure 4.3).  
39 A/G mismatches were observed in total, with 30 A/G mismatches located in the RAX-
A region, and 9 A/G mismatches located in the poly-A tail.   
Total A/G mismatches in the RAX-A region was significantly higher (p=0.001) 
than the calculated error rate of 3.9 A/N mismatches.  This error rate was calculated 
based on the error rates of the reverse transcriptase and Taq polymerase, as well as the 
number of PCR cycles used during RT-PCR amplification (Luciano et al. 2001).  The 
total number of A/G mismatches was also significantly higher (p=0.001) than those 
observed in other N/N mismatch combinations as well as the total A/G mismatches 
(p=0.001) observed in a control sample of 50 subcloned sequences derived from 
amplified genomic DNA (gDNA).  The A/G mismatches in this cDNA sample were the 
only type of mismatch that significantly differed from either the expected error rate or the 
gDNA control.   
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Given that these A/G mismatches are significantly higher than the expected error 
rate as well as the external control, using gDNA, and internal control, comparing other 
N/N mismatches, it is hypothesized that these A/G mismatches are the result of A-to-I 
RNA editing.  However, since the total number of edited nucleotides is so low relative to 
the total sample size ( less than 1% editing), this will be termed basal level editing. 
A-to-I RNA Editing is not Randomly Distributed 
A-to-I RNA editing was tabulated by nucleotide position relative to the start of 
the central-A track in order to determine if any of these nucleotides are preferentially 
edited (figure 4.4).  The first nucleotide in the central-A track was used as the +1 position 
since the entire left arm of Alu-93 was not amplified.  Using this strategy, the RAX-A 
region begins at position 17 and ends at position 165.  The poly-A tail spans positions 
166 to 179.  Of the 30 adenosines present in RAX-A, 12 adenosines had an A/G 
mismatch in at least one of the subcloned RT-PCR amplicons.  Only one of these 
nucleotides, position 146, had more than 2 A/G mismatches.  This position had 15 
mismatches, which was significantly higher (p=0.05) than would be expected based on 
random distribution. Interestingly, this site has an adenosine immediately upstream and 2 
nucleotides downstream, both of which are unfavorable for editing. The poly-A tail was 
edited at 6 out of 13 adenosines.  Editing was not enriched in this region relative to RAX-
A.  In addition, this region did not have any nucleotides that were preferentially edited.    
A sequence alignment was performed between the AluY consensus sequence, the 
Alu-93 genomic sequence, and the cumulatively edited Alu-93 cDNA sequence (figure 
4.5).  Since inosine is interpreted as guanosine by much of the cellular machinery, edited 
adenosines were replaced by guanosines in the cDNA sequence in order to gain a better 
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understanding of the structural ramifications of A-to-I RNA editing in Alu-93.  There 
were two notes of interest in relation to Alu retrotransposition and the ability of CpG 
dinucleotides present in Alu elements to undergo DNA methylation.  First, A-to-I RNA 
editing generates five new CpG dinucleotides, including one in the poly-A tail, that were 
not present in the gDNA sequence.  1 of the newly created CpG dinucleotides located in 
the RAX-A region restores a CpG dinucleotide to the Alu-93 sequence that was lost 
relative to the AluY consensus sequence.   The other three newly formed CpG 
dinucleotides in the RAX-A region represent novel CpG dinucleotides that are absent 
from the AluY family consensus sequence.  Such editing effects prior to 
retrotransposition provide a mechanism of maintaining high CpG dinucleotide content in 
Alu elements as they retrotranspose. 
Analysis of A-to-I RNA editing by position indicates that editing is not randomly 
distributed and that a single nucleotide within Alu-93 is preferentially edited.  In addition, 
A-to-I RNA editing may play a role in maintaining, and possibly even creating new, CpG 
dinucleotides prior to retrotransposition. 
Alu-96 undergoes C-to-U but not A-to-I RNA editing 
Analysis of A-to-I RNA editing in additional brain samples and human spleen 
provided different results.  In 2 additional brain tissue samples, A/G mismatches in both 
Alu-93 and Alu-96 did not display any evidence of A-to-I RNA editing.  Sequencing of 
the matched gDNA from one of the brain samples revealed the presence of two SNPs in 
the Alu-93 sequence.  Analysis of RNA derived from human spleen did not show any 
evidence of A-to-I RNA editing in either Alu element.  However, C-to-U editing was 
prevalent in Alu-96.  Alu elements have previously been shown to be C-to-U editing 
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targets, and the family of enzymes responsible, APOBEC, has been shown to be active in 
spleen (Bogerd et al. 2006, Chiu et al. 2006Greeve et al. 1998, Tan et al. 2009).  Thus A-
to-I RNA editing was limited in the selected Alu elements based on analysis in human 
brain and spleen. 
Discussion 
 This study investigated A-to-I RNA editing in transcriptionally active Alu 
elements in vivo.  Using a filtering process, Alu elements previously described as being 
transcriptionally active were selected based on their likelihood of being edited.  Only one 
Alu element, Alu-93 had any indication of A-to-I RNA editing.  Other Alu elements 
selected for analysis either could not be amplified (Alu-92, Alu517a, Alu517b) or did not 
show any evidence of A-to-I RNA editing (Alu-96).  Editing in Alu-93 was observed at 
basal levels in only one of the tested brain samples.  Editing in this sample was not 
randomly distributed, with a significant preference for editing at one specific adenosine.  
In addition, A-to-I RNA editing has the potential to create new CpG dinucleotides or 
restore CpG dinucleotides that had been lost relative to that Alu element’s family 
consensus sequence  This is especially significant in Alu elements that are able to 
retrotranspose. Testing of additional brain samples as well as spleen did not reveal any 
evidence of A-to-I RNA editing in either Alu-93 or Alu-96, however, C-to-U editing was 
observed in spleen in Alu-96.  Brain and spleen were chosen as tissue sources due to their 
relatively high levels of editing activity (Athanasiadis et al. 2004, Gan et al. 2006). 
 A-to-I RNA editing of the two analyzed transcriptionally active Alu elements was 
determined to be at basal levels.  Comparison of A/G mismatches to internal controls, an 
external control, and a calculated error rate indicated that A-to-I RNA editing was 
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occurring in Alu-93 transcripts in one of the brain tissue samples.  This error rate has 
previously been described to as an estimatation of false positives that may arise during 
RT-PCR (Luciano et al. 2004).  This error rate is also an overestimate of A/G mismatches 
as this error calculation is an estimate all A/N mismatches, not just A/G mismatches.  
Accuracy of this error rate is demonstrated by comparison of other types of N/N 
mismatches as well as by comparison to A/G mismatches that arise in the external control 
of sequenced gDNA PCR inserts.  Neither control demonstrated a significant difference 
from the estimated error rate.  The total amount of editing observed was below 1% for the 
population of adenosines inspected within Alu-93.  This level of editing is consistent with 
basal level editing. 
 Such basal level editing may be more prevalent than previously anticipated .  A 
2011 study published by the Maas and Lopresti groups used a bioinformatics screen to 
identify A-to-I RNA editing throughout the transcriptome (Maas et al. 2011).  High 
numbers of adenosines edited at low levels were predicted based on the computational 
alignment between the human genome and EST databases.  This was supported by a 2009 
study that identified widespread low level editing in the human transcriptome  (Li et al. 
2009).   Gommans et al. 2009, previously hypothesized basal level editing as a selectively 
advantageous mechanism.  They proposed that cells use A-to-I RNA editing at minimal 
evolutionary cost to randomly probe RNA transcripts at low levels in search of 
unintentional benefits. 
 Analysis of A-to-I RNA editing by position indicated a single nucleotide position 
(position-146) was preferentially edited relative to other adenosines in the Alu RNA 
sequence.  What makes this site additionally more interesting is the presence of adenosine 
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nucleotides in the -1 and +2 positions relative to the editing site.  An adenosine 
nucleotide at either position is generally considered unfavorable for A-to-I RNA editing 
(Athanasiadis et al. 2004, Kawahara et al. 2008, Lehman and Bass 2000).  In addition, 
editing analysis of 500 embedded inverted Alu repeats indicated that this site is not 
preferentially edited (Athanasiadis et al. 2004).  The higher editing levels observed at 
position-146 is suggestive of two different mechanisms.  First, editing in transcriptionally 
active Alu elements, and more specifically Alu-93, may have slightly different site-
selectivity when compared to editing in embedded Alu elements.  Second, it has been 
previously proposed that editing begins at a single editing nucleation site (Enstero et al. 
2009).  Promiscuous editing then proceeds from there in a unidirectional manner.  Higher 
levels of editing at position-146  is suggestive of this nucleotide behaving as a nucleation 
site that then fails to initiate promiscuous editing at additional nucleotides. 
A-to-I RNA editing provides a potentially interesting link between 
retrotransposition and DNA methylation of Alu elements.  DNA methylation targets CpG 
dinucleotides present within CpG islands.  This leads to a conformational change in DNA 
packaging, resulting in a reduction of gene expression in the surrounding genomic region.  
Due to their high CpG content, Alu elements often constitute CpG islands  (Cho et al. 
2007, Kang et al. 2006).  This is supported by their increased presence near the promoter 
regions of protein coding genes  (Grover et al. 2003, Polak and Domany 2006, Tsirigos 
and Rigoutsos 2009).  As Alu elements retrotranspose, they are potentially introducing 
new DNA methylation sites into the genome.  This greatly expands their regulatory 
impact on gene expression.   
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A-to-I RNA editing may target Alu transcripts prior to retrotransposition (figure 
4.6).  Since inosine is interpreted as guanosine, editing prior to retrotransposition would 
generate an A-to-G change from the parent Alu sequence to the newly retrotransposed 
Alu element.  This would act to preserve high levels of CpG dinucleotides that may have 
been lost, and may additionally introduce new CpG dinucleotides that are not present in 
the Alu consensus sequence.  This was supported by the observation of editing 
introducing 5 new CpG dinucleotides in the cumulative construction of editing sites in 
Alu-93 that were not present in the Alu-93 gDNA sequence (figure 4.5).  The prevalence 
of such a process may be high since it has been previously demonstrated that cytosine is 
strongly favored at the -1 nucleotide position relative to A-to-I RNA editing sites 
(Athanasiadis et al. 2004, Kawahara et al. 2008, Lehman and Bass 2000).  Such a process 
would greatly increase the impact A-to-I RNA editing has had on the evolution of the 
human genome. 
Additionally, A-to-I RNA editing may inhibit Alu retrotransposition (figure 4.6).  
ADAR activity has previously been shown to inhibit miRNA processing by binding to 
and sequestering pri- and pre-miRNA away from Drosha and Dicer, respectively 
(Kawahara et al. 2005, Kawahara et al. 2008, Yang et al. 2006).  Editing of miRNA may 
influence the secondary structure, and thus binding kinetics to Drosha and Dicer.  ADAR 
activity may regulate Alu retrotransposition in a similar fashion, first by sequestering Alu 
elements away from L1 reverse transcriptase, then by changing the RNA sequence and 
secondary structure through A-to-I RNA editing.  A key region necessary for 
retrotransposition is the poly-A tail (Comeaux et al. 2009, Dewainnieux and Heidmann 
2005).  This region is involved in the template switching mechanism and in TPRT and as 
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such requires a certain minimal length and homogeneity to enable efficient 
retrotransposition.  A-to-I RNA editing provides a mechanism of disrupting the 
continuity of the poly-A tail, and thus may negatively impact Alu retrotransposition. 
The appearance of C-to-U editing in the spleen sample was also not surprising.  
C-to-U editing is catalyzed by the APOBEC family of enzymes (Kim et al. 2010, Rausch 
et al. 2009, Tan et al. 2010).  These enzymes are single stranded RNA binding proteins 
that can associate with transcripts derived from repetitive elements and lead to a decrease 
in retrotransposition activity (Bogerd et al. 2006, Chiu et al. 2006, Kim et al. 2010, 
Rausch et al. 2009, Tan et al. 2010).  This effect has previously been demonstrated on 
Alu retrotransposition.  APOBEC represent a mechanism of regulating transcriptionally 
active Alu elements.  
A-to-I RNA editing itself may provide a mechanism of regulating other functions 
of transcriptionally active Alu elements.  Transcribed Alu elements have previously been 
shown to regulate both transcription and translation in trans (Hasler and Strub 2006, 
Mariner et al. 2008, Rubin et al. 2002, Wagner et al. 2009).  These mechanisms are 
mediated through specific regions of the Alu element that maintain certain secondary 
structure characteristics.  A-to-I RNA editing could regulate these processes by altering 
the secondary structure of these specific regions, thereby impacting Alu directed 
regulation of transcription and translation.   
 The differences in editing levels between the different individuals could be due to 
a number of factors.  The manner of death, the time between death and tissue sampling, 
the region of the brain that was sampled, as well as tissue storage conditions prior to 
RNA extraction were all unknown.  The health and dietary habits of each donor prior to 
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death were also unknown.  Region specific differences in editing may be the most 
significant of these factors influencing A-to-I RNA editing.  Though the highest levels of 
A-to-I RNA editing is observed in the brain, editing levels differ between different sub-
regions (Athanasiadis et al. 2004, Gan et al. 2006, Kawahara et al. 2003).  For example, 
editing in the cerebellum is significantly higher than the rest of the brain (Athanasiadis et 
al. 2004).  A-to-I RNA editing has also been shown to be lower in white matter than in 
grey matter due to decreased ADAR2 expression in white matter (Kawahara et al. 2003).  
In addition, other environmental factors may play a role.  A 2012 study of A-to-I RNA 
editing in different species of octopus showed a near linear increase in A-to-I RNA 
editing as ocean temperature decreased (Garrett and Rosenthal 2012).  Other 
environmental factors besides temperature may also influence A-to-I RNA editing. 
Known information about the tissue donors was limited to age and gender.  A-to-I 
RNA editing was observed only in Alu-93, albeit at a low level, and from only one donor.  
Information about this donor was unavailable. All known donors were male and ranged in 
age from 34 to 82 years old.  Since editing has previously been shown to vary with 
respect to age in a target specific manner, it may be that, for unknown regulatory reasons, 
these Alu elements are no longer favorable editing targets in the male brain after a certain 
age threshold (Nicholas et al. 2009).  In addition, recent results from the 1000 Genome 
Project show that A-to-I RNA editing activity can vary significantly between different 
individuals (Li et al. 2011).   
Finally, of the over 1 million Alu elements present in the human genome, only 
two transcriptionally active Alu elements were sequenced.  Though low levels of A-to-I 
RNA editing were observed in one instance, this may not be the case with other Alu 
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elements, and should not be extrapolated as a description of A-to-I RNA editing in all 
transcriptionally active Alu elements.   Only with the sampling of a wider number of 
transcriptionally active Alu elements could more definitive conclusions be drawn. 
This investigation of A-to-I RNA editing in transcriptionally active Alu elements 
expressed in vivo showed A-to-I RNA editing in one Alu element.  Though editing was 
determined to be at a basal level, analysis of editing in this particular Alu element 
revealed evidence of preferential editing at a specific adenosine.  In addition, editing 
demonstrated the ability to generate new CpG dinucleotides, should this Alu transcript 
retrotranspose. 
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Primer Primer Sequence 
92-1D GAGGATCCCCAGCACTTTGGGAGGCCAAGGCG 
92-2U CTTCTTCTGGACTGTGAACCAG 
92-3U GTAACTGCAGCAATGATTCTCTTCTCCTTGCCAG 
93-1D ATGAATTCGCACTTTGGGAGGCTGAGGCAAGTAG 
93-2U GCTGAGACCTGTTCTATTCCACTAAC 
93-3U ATGGTACCCTCTGTGTCCCCAAGTTGTATAATTC 
96-1D ATGAATTCGCACTTTGGGAGACCAAAGCAGGAAG 
96-2U CATAGTGCAACCTGTGACATAGTCC 
96-3U- ATGGTACCCACCCTACCACTACTTCTAGGATTTC 
Alu517a-1D GAGGATCCCCAGCTACTCAGGAGGCTGACG 
Alu517a-2U GTAACTGCAGATCTTGGTGGAAGGTGCTATCC 
Alu517b-1D GAGGATCCGTGGATCACGAGGTCAGGAGATCG 
Alu517b-2U GTAACTGCAGCTTGAGCCCAAGAGATCTCGGTTGG 
 
Table 3 – Table of Primers  
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Figure 4.1 – Flow chart of the Alu Selection Screen.  Following the initial identification 
of transcriptionally active Alu elements by literature search, Alu elements were manually 
examined using the UCSC Genome Browser.  The filters were designed to only leave Alu 
elements that could be specifically targeted by RT-PCR, and that had a relatively high 
chance of being A-to-I RNA editing targets.  
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Figure 4.2 – Genomic Structure Surrounding Two Transcriptionally Active Alu 
Elements.  The UCSC Genome browser displays A) Alu-93 and B) Alu-96  (red) along 
with the nearest inverted Alu element (blue) located downstream.  Both Alu elements co-
localize with a gene (green) that is expressed in the antisense direction relative to Alu 
expression.  
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Figure 4.3 - Basal level A-to-I RNA editing is observed in Alu-93.  RT-PCR amplicons 
from cDNA and PCR amplicons from gDNA were subcloned into pBS vector and 
sequenced using the Sanger sequencing method.  All observed N/N mismatches between 
the genomic sequence and subcloned sequences were recorded and compared to an 
estimated number of A/N errors that are expected to occur during RT-PCR.   
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Figure 4.4 – A-to-I RNA editing analysis of Alu-93 by nucleotide position.  Cumulative 
editing was plotted by nucleotide position.  Only A-to-I RNA editing is displayed.  
Counting began at the first nucleotide of the central-A track.  The central-A track spans 
nucleotides 1-16.  RAX-A spans positions 17-165.  The poly-A tail spans nucleotides 
166-179. 
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Figure 4.5 – Sequence Alignment of Alu-93 cDNA, gDNA, and AluY family consensus 
sequence.  The fully edited cDNA sequence for Alu-93 containing all edited nucleotides 
is aligned to the Alu-93 genomic sequence and the AluY family consensus sequence.  
Edited nucleotides are underlined and boxed in red in order to highlight their location.  
CpG dinucleotides are highlighted within the family consensus sequence.  Only the 
central-A track, Alu right arm, and poly-A tail are shown.  Nucleotide positions at the end 
of the column are relative to the start of the central-A track (first number) and the start of 
the Alu element (second number). 
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Figure 4.6 – A model of A-to-I RNA editing during Alu retrotransposition.  A model of 
how A-to-I RNA editing in transcriptionally active Alu elements may impact 
retrotransposition.  ADAR activity may alter the Alu sequence leading to introduction of 
guanosine in newly retrotransposed Alu elements.  Alternatively, ADAR activity may 
influence the retrotransposition process.  
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Chapter 5 
Closing Remarks And Future Directions 
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Alu elements are major A-to-I RNA editing targets within the human genome.  
However, analysis of editing within Alu elements has been limited to those present as 
inverted Alu repeats embedded within larger genes expressed by RNA Pol II.  The goal 
of this dissertation was to expand our knowledge of known editing targets to include Alu 
elements expressed by RNA Pol III.  The implications for editing in these targets include 
the impact of A-to-I RNA editing on human evolution, on Alu function as a lncRNA, and 
on regulation of A-to-I RNA editing.   
 The experimental strategy to studying A-to-I RNA editing in RNA Pol III 
transcripts had three key steps that each provided different information.  The first step 
was the development of expression constructs that expressed a known non-Alu A-to-I 
RNA editing target under either an RNA Pol II or RNA Pol III promoter.  This 
demonstrated that RNA Pol III transcripts undergo A-to-I RNA editing by ADARs.  
Comparison of A-to-I RNA editing between these constructs as well as in the presence of 
either overexpressed ADAR1 or ADAR2 showed that RNA Pol II expressed targets were 
more highly edited relative to RNA Pol III expressed editing targets.  The R/G editing 
target was also more highly edited in the presence of ADAR2 compared to ADAR1 under 
both RNA Pol II and RNA Pol III expression.  Finally, a partial deletion of RNA Pol II 
CTD increased A-to-I RNA editing by ADAR1, though this increase was marginal.  
Editing by ADAR2 was unaffected by the partial CTD deletion, but remained high 
(above 90% editing).  These experiments indicate that ADARs are not dependent on an 
interaction with RNA Pol II to function and that a significant amount of editing can occur 
post-transcriptionally rather than co-transcriptionally. 
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 The second step was to use the RNA Pol II and RNA Pol III expression constructs 
to better understand A-to-I RNA editing of Alu elements.  Alu elements were 
promiscuously edited, but only if an inverted Alu element was present in the transcript.  
This was observed independent of the kind of polymerase responsible for transcription as 
well as overexpression of ADAR1 or ADAR2.  Inverted Alu pairs expressed by RNA Pol 
III were promiscuously edited similar to editing observed in embedded Alu elements 
(Athanasiadis et al. 2004, Peng et al. 2012). 
 The final goal was to observe A-to-I RNA editing in transcriptionally active Alu 
elements expressed in vivo.  This was done by first identifying individual Alu elements 
previously shown to be transcriptionally active.  Next, using a filter process, these Alu 
elements were screened for the likelihood of forming dsRNA, and for feasibility of 
specific amplification.  The selected Alu elements were then individually examined by 
RT-PCR and single transcript analysis using RNA derived from either human brain or 
spleen from different individuals.  Only one brain tissue sample displayed evidence of A-
to-I RNA editing.  Though editing was occurred at a basal level, one nucleotide was 
preferentially edited. 
 These experiments provide interesting insights into different facets of A-to-I RNA 
editing.  The experiments using the R/G site from GluR-B demonstrated that RNA Pol III 
transcripts can undergo ADAR directed A-to-I RNA editing.  This was supported by the 
inverted Alu elements expressed by RNA Pol III being edited as well.  While both targets 
were edited, these two experiments provide an interesting comparison since the R/G site 
provides a study of editing efficiency while Alu elements can be used to understand 
editing site selectivity.   
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Editing site selectivity is the targeting of ADARs to particle adenosines but not 
others throughout a dsRNA molecule, while editing efficiency is the amount of editing 
that takes place at an individual adenosine.  In a broad sense, editing efficiency and 
editing site selectivity are separate events and are inversely correlated (Gommans et al. 
2008, Kallman et al. 2003).  The most efficiently edited RNA substrates, such as the Q/R 
site from GluR-B tend to be edited at a lower number of sites, while promiscuously 
edited sequences tend to display lower editing efficiency on a site-by-site basis.  For 
example, the Q/R site from GluR-B is edited at only one adenosine, but is edited to 
almost 100% in human brain tissue, while a survey of embedded Alu elements showed 
that Alu elements can be edited at multiple sites and that editing efficiency ranged 
between less that 1% to greater than 70% at individual adenosines (Athanasiadis et al. 
2004, Higuchi et al. 1993).  These generalities were observed in both RNA Pol II and 
RNA Pol III transcripts, however, RNA Pol II transcripts were more efficiently edited.  
Overexpression of ADAR1 in the R/G studies indicated that ADAR1 does not 
target the R/G site when it is expressed by RNA Pol III.  This was not the case with 
inverted Alu repeats, in which promiscuous editing was observed regardless of the type 
of ADAR overexpressed.  This indicates that the editing efficiency in RNA Pol III 
transcripts by ADAR1 is dependent on the ability of ADAR1 to target the editing 
substrate.  It has previously been shown that RNA Pol II CTD increases editing 
efficiency by ADAR2 when the editing substrate contains a splice site (Bratt and Ohman 
2003, Laurnecikiene et al. 2006, Ryman et al. 2007). It is possible that RNA Pol II helps 
to promote ADAR1 editing efficiency at the R/G site as well.  Though partial deletion of 
the RNA Pol II CTD resulted in an increase in ADAR1 directed RNA editing, full CTD 
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deletion may be necessary to see larger changes in RNA editing efficiency.  This increase 
was significant at p=0.05 but not p=0.025, indicating this change in editing may be 
marginal at best, or perhaps not significant with larger sample sizes.  While the 
interaction between the CTD and ADAR1 has not previously been published, similar 
studies have been performed with ADAR2 (Laurnecikiene et al. 2006, Ryman et al. 
2007).  Both my results and previous work demonstrate that partial CTD deletion does 
not influence ADAR2 activity when a splice is absent from the double stranded region.  
 The full role of RNA Pol II in directing A-to-I RNA editing is difficult to define.  
Previous CTD deletion studies have demonstrated a role by the RNA Pol II CTD in 
coordinating editing by ADAR2 with splicing (Bratt and Ohman 2003, Laurnecikiene et 
al. 2006, Ryman et al. 2007).  These studies have indicated differing effects by the CTD 
in regulating editing.  This may depend on the location of the exon/intron junction 
relative to the dsRNA region.  Further increasing the difficulty in understanding this 
coordinating role is the lack of data from ADAR and RNA Pol II co-IP studies that would 
demonstrate a direct interaction between the two (Nishikura 2010).  This indicates that 
ADAR2 may be transiently associated with RNA Pol II during transcription rather than 
directly associated.  This is in contrast to other co-transcriptional modifications, such as 
RNA splicing, in which partial deletion of heptads 26-52 impaired splicing efficiency, or 
RNA capping, in which capping enzymes have been shown to associate with heptads 26-
52 of the RNA Pol II CTD (Fong and Bentley 2001).   
 Previous research has indicated that editing site selectivity and editing efficiency 
are influenced by a combination of the ability of ADAR to bind to its substrate and the 
localized sequence and structure surrounding the editing site (Kallman et al. 2003, 
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Ohman et al. 2000, Stefl et al. 2010, Xu et al. 2006).  My results indicate that the type of 
polymerase responsible for transcription may also influence editing efficiency but not site 
selectivity.  Editing at the R/G site was higher in RNA Pol II transcripts relative to RNA 
Pol III transcripts when ADAR1 or ADAR2 was overexpressed.  This indicates either a 
coordinating role by RNA Pol II or a better ability by the ADAR enzymes to recognize 
RNA Pol II transcripts based on the presence of modifications, such as a 5’ cap or poly-A 
tail, that are specific to RNA Pol II transcripts.  The coordinative role of RNA Pol II is 
supported by the observation that ADAR1 overexpression increased editing in RNA Pol 
II transcripts but not RNA Pol III transcripts.  However, promiscuous editing was 
observed in the Alu repeats, regardless of the manner of transcription or overexpression 
of ADAR1 or ADAR2.  This indicates that editing efficiency may be partially dependent 
on the type of polymerase, factors involved in transcription, or presence of other RNA 
modifications, while editing site selectivity may be inherently regulated by the ADAR 
enzymes themselves, as well as the substrate sequence and secondary structure.  An 
interesting experiment to test this hypothesis would be an in vitro titration experiment in 
which the RNA editing targets differ by the presence or absence of a 5’ cap and poly-A 
tail, structures that are prevalent in RNA Pol II transcripts (Anderson 2005, Kapp and 
Loerrsh 2004). 
 Differences in editing between Alu elements expressed in cell culture versus 
transcriptionally active Alu elements studied in vivo provides another interesting 
comparison.    While a single Alu element was not edited in cell culture, inverted Alu 
pairs were promiscuously edited when expressed by either RNA Pol II or RNA Pol III.  
However, transcriptionally active Alu elements were not promiscuously edited and 
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displayed basal level editing in vivo.  This disparity is likely due to the manner of 
expression.  The experiments performed in cell culture used an RNA Pol III promoter to 
drive expression of the inverted Alu pairs.  The in vivo studies did not investigate either 
the level of transcription, or how often the nearest downstream inverted Alu element was 
present within the transcript.  Inclusion levels were just one of several possible factors 
potentially impacting A-to-I RNA editing.  The RT-PCR experiments performed here do 
not provide information about the quantity of RNA that is present.  Quantitative RT-PCR 
and northern blot analysis could be used to address this issue. 
Another potential factor is the selective degradation of highly edited 
transcriptionally active Alu elements in vivo.  Tudor SN is a nuclease that targets inosine 
containing RNA molecules for degradation (Scadden 2005, Scadden 2007).  RNA 
molecules containing higher amounts of inosine are more highly targeted.  In addition, 
piRNA are short RNA molecules that selective target repetitive elements via a 
mechanism involving the RISC complex.  piRNA may also be involved in reducing the 
quantity of Alu RNA.  It is possible that low expression levels of the inverted Alu pair 
combined with selective degradation of promiscuously edited Alu elements combined to 
result in the observation of basal level editing in transcriptionally active Alu elements in 
vivo.   
In addition, there were other factors in the in vivo study that could have 
contributed to the low editing levels that were observed.  The tissue donors were all male, 
but were of different ages.  There was also no information regarding the manner of death, 
the amount of time between death and tissue sampling or tissue sampling and RNA 
extraction, or the region of the brain sampled from each individual.  In addition, this 
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study was limited by the starting pool of transcriptionally active Alu elements.  Of the 
more than 1 million Alu elements present in the genome, only 87 were included in the 
Alu screen, and only 2 Alu elements reached the point of transcript analysis.  So while 
basal level editing was observed in one instance, this should not be extrapolated to 
describe editing in all transcriptionally active Alu elements. 
Implications of A-to-I RNA editing on Alu Retrotransposition and Human Genome 
Evolution 
 Transcriptionally active Alu elements are responsible for the expansion of Alu 
elements throughout the human genome (Bennett et al. 2008, Dewannieux et al. 2003).  
This has enabled Alu elements to play a significant role in shaping the human genome 
(IHGSC 2001).  A-to-I RNA editing could impact the rate of Alu retrotransposition and 
can change the sequence that retrotransposes.  This implicates A-to-I RNA editing as 
having a significant role in the evolution of the human genome. 
Alu elements retrotranspose via an L1 directed retrotransposition process that uses 
Alu RNA as a template (Dewannieux et al. 2003).  This process could be influenced by 
A-to-I RNA editing in a number of ways.  The influence A-to-I RNA editing has on 
miRNA processing serves as a model of how editing could impact Alu retrotransposition.  
miRNA processing is inhibited by ADAR in both editing dependent and editing 
independent mechanisms (Kawahara et al. 2007, Kawahara et al. 2008, Yang et al. 2006).  
Editing dependent mechanisms rely on the effect editing has on the secondary structure 
of pri- and pre-miRNA.  A-to-I RNA editing can destabilize these secondary by changing 
the base pairing within the dsRNA region, which affects miRNA processing.  Editing 
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independent mechanisms rely on ADAR competing with Drosha and Dicer for substrates, 
reducing the amount of pri- and pre-miRNA available for processing.   
Editing dependent influences on Alu retrotransposition rates would potentially 
influence the interaction between edited Alu elements and SRP9/14.  Though the specific 
role of SRP9/14 during Alu retrotransposition is unclear, it is thought to be involved in 
helping to recruit Alu RNA to the ribosome as L1 Orf2 is translated. (Bennett et al. 
2008).  This enables Alu elements to recruit newly translated L1 Orf2 proteins for Alu 
retrotransposition.  The Alu-SRP9/14 interaction is dependent on conserved secondary 
structure in the Alu left and right arms (Bennett et al. 2008, Hasler and Strub 2006, Huck 
et al. 2004, Sarrowa et al. 1997).  Changes in the Alu left and right arm can alter the base 
pairing properties of Alu RNA, leading to impaired binding by SRP9/14 and a reduction 
in Alu retrotransposition (Bennett et al. 2008).   Just as A-to-I RNA editing can influence 
miRNA binding by Drosha and Dicer, editing could also influence the Alu-SRP9/14 
interaction by affecting the conserved Alu structures involved in the interaction with 
SRP9/14.   
An editing independent mechanism in which ADAR binding could influence 
retrotransposition may be similar to the impact the APOBEC3 family of cytidine 
deaminases have on Alu retrotransposition.  APOBEC3 can bind and sequester Alu RNA 
away from the retrotransposition machinery, thereby inhibiting Alu retrotransposition 
(Bogerd et al. 2006, Chiu et al. 2006).  ADAR binding may have a similar sequestration 
impact.  There are several mechanisms that act to repress Alu retrotransposition (Bogerd 
et al. 2006, Chiu et al. 2006, Kochanek et al. 1995, Liu et al. 1994, Lukic and Chen 2011, 
Muiznieks and Doerfler 1994).  These include transcriptional regulation, piRNA directed 
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Alu RNA degradation, and sequestration by APOBEC3.  ADAR binding to Alu 
transcripts may be an additional regulatory mechanism that aids in repressing Alu 
retrotransposition. 
Even if A-to-I RNA editing does not impact Alu retrotransposition rates, editing 
may provide a mechanism of altering the Alu sequence that retrotransposes.  For 
example, Alu elements have high C/G content and are enriched for CpG dinucleotides 
(Cho et al. 2007, Kang et al. 2006).  Since inosine is interpreted as guanosine, A-to-I 
RNA editing provides a mechanism of generating new CpG dinucleotides by editing 
adenosines prior to retrotransposition.  Since DNA methylation of CpG dinucleotides is 
an important mechanism of epigenetic regulation, the enriched presence of CpG 
dinucleotides in Alu elements allows for altered regulation of expression in the new 
genomic regions into which Alu elements retrotranspose (Baillie et al. 2011, Hellmann-
Blumberg et al. 1993). 
A-to-I RNA editing may also impact the identification of source genes, or master 
genes, responsible for Alu retrotransposition.  Alu retrotransposition in humans is 
currently only seen in the AluY family (Britten et al. 1988, Deininger and Slagel 1998).  
This is supported by Alu insertion polymorphisms present among different individuals 
(Styles and Brookfield 2007, Cordaux et al. 2006, Liu et al. 2009, Xing et al. 2007).  
These Alu polymorphisms have intact RNA Pol III promoter elements in the left arm and 
long poly-A tails, two structures necessary for retrotransposition (Bennett et al. 2008, 
Dewannieux and Heidmann 2005).   A majority of Alu elements in the human genome 
lack conservation of either one or both of these structures, indicating that they are unable 
to retrotranspose (Batzer et al. 1996, Bennett et al. 2008, Comeaux et al. 2009).  This has 
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led to the hypothesis that Alu retrotransposons are derived from a relatively small group 
of master genes (Britten et al. 1988, Britten et al. 1989).  The sequence variation among 
different Alu polymorphisms has led to the hypothesis that there are multiple master 
genes (Deininger and Slagel 1998).   A-to-I RNA editing may affect the search for these 
master genes since editing could potentially alter the Alu sequence prior to 
retrotransposition.  This increases the difficulty involved with identifying the specific 
master gene, since any guanosine present in the newly inserted Alu element could 
potentially be due to A-to-I RNA editing.   
A-to-I RNA Editing and Alu Derived lncRNA 
 Another potential impact A-to-I RNA editing could have on transcriptionally 
active Alu elements is by regulating the functions of Alu derived lncRNA.  lncRNA are 
functional non-protein coding RNA molecules longer than 200 nucleotides (Cabili et al. 
2011, Loewer 2010).  In the case of Alu RNA, this includes interactions with RNA Pol II 
following cell stress to selectively decrease transcription, association with the SRP9/14 
and the ribosome to modulate translation activity, and regulation of gene expression 
through interactions between lncRNA and complementary RNA or DNA sequences 
(Hasler and Strub 2006, Mariner et al. 2008, Pandey et al. 2011, Rubin et al. 2002, 
Wagner et al. 2010).  All of these functions share the characteristic of Alu elements 
behaving as global regulators of gene expression in trans.   
 Expression of transcriptionally active Alu elements increases following cell stress 
(Li and Schmid 2001, Liu et al. 1995, Panning and Smiley 1995, Rudin and Thompson 
2001).  Alu RNAs can then interact with RNA Pol II to decrease transcription of non-cell 
stress response genes (Mariner et al. 2008).  The RNA Pol II transcription factor TFIIF is 
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involved in preventing the Alu-RNA Pol II interaction at promoter regions of genes 
whose expression levels do not decrease following cell stress (Wagner et al. 2009).  A-to-
I RNA editing could impact this regulatory process in two ways.  First, A-to-I RNA 
editing may influence the Alu/RNA Pol II interaction by changing the Alu sequence and 
potentially the Alu secondary structure.  Specifically, a conserved repression domain in 
the Alu right arm may be altered, affecting this repression functionality (Mariner et al. 
2008,Wagner et al. 2009).  Second, structural changes caused by A-to-I RNA editing 
could alter the ability of TFIIF to disrupt the Alu/RNA Pol II interaction.  This could be 
by a mechanism by which editing alters the Alu-RNA Pol II interaction, thereby changing 
the influence TFIIF has on the Alu/RNA Pol II association. 
 A-to-I RNA editing may have a similar influence on the ability of Alu RNA to 
interact with both SRP9/14 and the ribosome to regulate translation in trans.  Alu RNA 
by itself can interact with the ribosome, leading to an increase in reporter gene expression 
(Hasler and Strub 2006, Rubin et al. 2002).  However, Alu RNA can also interact with 
SRP9/14 (Bovia et al. 1997, Hsu et al. 1995).  This complex can then further interact with 
the ribosome leading to a decrease in translation initiation (Hasler and Strub 2006).  
While the Alu/SRP9/14 interaction can occur between either the Alu left or right arms, 
the Alu-ribosome interaction is dependent on the Alu right arm only.  A-to-I RNA editing 
may participate in this regulatory process through both editing dependent and editing 
independent mechanisms.   
In the editing dependent mechanism, A-to-I RNA editing would change the Alu 
sequence, thereby disrupting base pairing and dsRNA structures within Alu RNA.  This 
could reduce the ability of the Alu right arm to interact with the ribosome.  This would 
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decrease the activity of Alu RNA to enhance translation.  While A-to-I RNA editing 
could also disrupt the formation of the Alu/SRP9/14 complex, this is less likely since 
each arm of the Alu RNA can participate in this interaction.   
An editing independent mechanism would likely have a net inhibitory effect on 
translation.  ADARs would compete with SRP9/14 and the ribosome for binding to Alu 
RNA. This would reduce the number of Alu/SRP9/14 and Alu/ribosome interactions by 
reducing the availability of Alu RNA.  However, since Alu/SRP9/14 complex formation 
is achieved through binding to either of two regions in the Alu element versus one for the 
Alu/ribosome interaction, ADAR binding to Alu RNA may more significantly impact the 
Alu/ribosome interaction (Hasler and Strub 2006).  This would result in a net decrease in 
translational activity when ADAR concentrations in the cell are high. 
Finally, the ability of Alu RNA to regulate expression of complementary 
sequences could also be influenced by A-to-I RNA editing.  Alu RNA expressed in an 
antisense direction relative to another gene enables binding between complementary 
sequences and can result in a decrease in the transcript level of the target gene (Gong and 
Maquat 2011, Pandey et al. 2011).  Similar to the influence editing has on miRNA 
function, editing of transcriptionally active Alu elements could reduce complementarity 
to one gene while increasing complementarity to another, thereby altering which genes 
are regulated by the edited Alu RNA. 
Future Directions 
 This dissertation has laid a foundation for future study by demonstrating that A-
to-I RNA editing can target RNA Pol III transcripts in general, and more specifically 
transcriptionally active Alu elements.  To further understand the significance of A-to-I 
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RNA editing in transcriptionally active Alu elements, I am proposing two general 
experimental ideas.  The first is the use of a cell culture system to study cellular 
mechanisms regulated by A-to-I RNA editing of transcriptionally active Alu elements in 
order to understand how A-to-I RNA editing influences Alu retrotransposition.  The 
second is the use of high throughput sequencing selectively targeting transcriptionally 
active Alu RNA.  This would allow for analysis of A-to-I editing within transcriptionally 
active Alu elements on a large scale, allowing for a broader understanding of where and 
when A-to-I RNA editing targets these Alu transcripts. 
 The cell culture system would use stably transfected cells overexpressing either 
ADAR1 or ADAR2 in conjunction with both wild-type cells and the use of RNAi to 
knockdown ADAR activity.  This would allow for an increased ability to study how 
ADAR impacts transcriptionally active Alu elements.  This would be used in conjunction 
with RNAi to investigate factors, such as Tudor SN, that may influence the concentration 
of edited transcriptionally active Alu elements within the cell.  In addition, these 
strategies could be used to gain a better understanding of the impact A-to-I RNA editing 
has in regulating the function of Alu derived lncRNA.  These include Alu RNA 
interactions with RNA Pol II, SRP9/14, and the ribosome as well as the role of Alu 
derived lncRNA in STAU-1 mediated decay of complementary RNA (Gong and Maquat 
2011, Hasler and Strub 2006, Mariner et al. 2008, Wagner et al. 2009).  This cell culture 
system would take advantage of an array of cell types.  This is necessary in order to 
highlight differences that may occur on a cell type by cell type basis as well as to 
understand the breadth of cell types in which these processes are impacted. 
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 Another important process that could be studied using these cells lines is Alu 
retrotransposition.  The marked Alu expression vector developed by Thierry Heidmann’s 
lab could be used to gain a better understanding of how A-to-I RNA editing influences 
Alu retrotransposition rates as well as the Alu sequence that retrotransposes (Comeaux et 
al. 2009, Dewannieux et al. 2003).  This marked Alu expression vector would be 
modified to include an inverted Alu element located downstream of the marked Alu.  
Differences in the number of drug resistant colonies would be used to measure the 
influence A-to-I RNA editing has on the rate of retrotransposition.  This would be 
compared to controls that either lack the inverted Alu element, or to cells in which 
ADAR function has been knocked down.  Furthermore, the level of A-to-I RNA editing 
could be compared between marked Alu RNA and newly retrotransposed Alu elements to 
determine the relative rate at which the edited Alu sequence retrotransposes.  This would 
be extremely beneficial in gaining an understanding of the total impact A-to-I RNA 
editing has on Alu retrotransposition. 
 The second future direction involves the use of high throughput sequencing to 
understand A-to-I RNA editing in transcriptionally active Alu elements in vivo.  
Development of high throughput sequencing that specifically targets Alu RNA depends 
on two things (Li and Schmidt 2001).  First, due to the high sequence conservation 
present in the over 1 million Alu elements in the human genome there is a great difficulty 
involved in properly annotating individual Alu transcripts to their source gene.  This 
problem is compounded because A-to-I RNA editing may additionally alter the Alu RNA 
sequence.  There needs to be a mechanism in place that can specifically align individual 
Alu transcripts to their source gene in the human genome.  Second, because Alu elements 
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can be expressed either by RNA Pol II or RNA Pol III, there needs to be a way to 
differentiate these two species of Alu RNA.  Addressing these issues requires a 
combination of database analysis and selection of the proper high throughput sequencing 
method.  
 Transcriptionally active Alu elements are expressed by RNA Pol III using internal 
promoters that recruit RNA Pol III to the transcription start site (Ishiguro et al. 2002, 
Kenneth et al. 2008).  Transcription continues until it reaches a transcription termination 
site encoded as four consecutive thymine nucleotides (Chu et al. 1995, Chu et al. 1997, 
Gunnery et al. 1999).  The location of these termination sequences relative to the end of 
the Alu element varies on an individual Alu gene basis (Borchert et al. 2006, Gu et al. 
2009, Li and Schmid 2001).  The intervening region between the end of the Alu element 
and the transcription termination site is often a sequence that is unique to each individual 
Alu locus.  These unique regions could be used to address the issue of aligning Alu 
elements to their source gene.     
 The second issue of differentiating Alu transcripts based on their method of 
transcription would take advantage of differences in transcription start sites (Dieci et al. 
2007, Li and Schmid 2001).  Alu elements expressed by RNA Pol II are embedded within 
larger RNA molecules with transcription start sites located upstream from the 5’end of 
the Alu sequence.  RNA Pol III transcripts have start sites at the 5’end of the Alu 
element.  The differences between these two transcription start sites could be used to 
distinguish RNA Pol II from RNA Pol III transcripts.     
 The final step necessary for sequencing would be to choose a high throughput 
strategy that provides sequence reads long enough to cover the span between the 5’ 
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transcription start site and the 3’ unique sequence.  High throughput sequencing uses 
parallel sequencing of DNA that has been cut into uniformly sized fragments (Hall 2007, 
Schuster 2008).  Due to differences in sequencing strategies, the length of these DNA 
fragments (read lengths) varies depending on the strategy.  Some high throughput 
sequencing methods use strategies employing read lengths greater than 300 nucleotides.  
These methods include Roche’s 454 pyrosequencing (300-500 nt read lengths), DNA 
nanoball sequencing (400-500 nt read lengths) by Complete Genomics, and Pacific 
Biosciences’ single molecule real time sequencing (SMRT) (1500 nt read lengths) 
(Foquet et al. 2008, Margulies et al. 2005, Porreca 2010).   Sequence reads would be 
aligned to the genome to identify nucleotide mismatches between gDNA and cDNA that 
arise due to A-to-I RNA editing.  In addition, the number of sequence reads would be 
used to quantify expression on an individual Alu transcript basis. 
 This high throughput method could be used to study transcriptionally active Alu 
elements from different tissues as well as in cell culture.  Two interesting cell populations 
to study would be embryonic stem cells and germ cells.  This is due to the potential 
impact A-to-I RNA editing could have on the sequence of Alu elements able to 
retrotranspose.  In order for newly retrotransposed Alu elements to be inherited by an 
individual’s offspring, retrotransposition would need to occur in either embryonic stem 
cells that eventually differentiate into germ cells, or in germ cells themselves which 
eventually mature into either egg or sperm cells.  Identification of A-to-I RNA editing in 
transcriptionally active Alu elements in either of these cell populations would raise the 
possibility that A-to-I RNA editing is impacting the Alu sequence and thus human 
genome evolution.  
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